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ABSTRACT. 
A steady-s flowing afterglow method has been 
u to measure rate coefficients for a number of 
tive ion-molecule reactions. A description of the 
technique and the method of data analysis is given. 
+ Rate coefficients for proton sfer from H3 to 
neutral species XCN have been found to be in good 
agreement vuth those predicted by the ADO (or AQO) 
theory for X= H, CH2 , Cl, and CN. For X= Br, I, 
:J 
the experimental rate coefficients were lower than 
cted by the ADO theory by 37% and 48% respectively. 
Rate coefficients have been measured for a number 
of reactions relating to the formation and destruction 
of phur-contain g molecules and of hydrogen cyanide 
in interstellar clouds. These new laboratory 
measurements produce no major chan s mechanisms 
proposed by other authors for the chemistry of these 
molecules in inter llar clouds. 
A larGe rate coefficient has been measured for 
+ 
endothermic charge-transfer reaction between S and 
and this is thought to indicate that gnificant amoun 
of excited S+ are present in the afterglow when S+ 
formed by the reac on of He+ with sulphur-containing 
molecules. 
v. 
CHAPTER 1 
REVIEW AND INTRODUCTION. 
1 • 1 THE DEVELOPMENT OF ION -MOLECULE REACTION STUDIES. 
Well before the turn of the century, conductivity 
measurements on flames,and gases subjected to electrical 
discharges,led scientists to conclude that ions must be 
present in such systems. The interaction between ions 
and neutral species in gases was considered in 1905 by 
Langevin, who derived a theory of the ion-neutral collision 
process. 1 The fact that chemical reactions take place 
between ions and neutral species was recognised in the 
1 • 
early days of mass spectrometry.. The first report of the 
effect of such a reaction was made by J.J. Thomson in 1912. 2 
In his study of the mass spectrum of hydrogen he noticed 
the appearance of a line in the mass spectrum corresponding 
to a particle \tith a charge-to-mass ratio of three. The 
+ ion was correctly identified as H3 , and was recognised 
as arising from secondary processes in the mass spectro-
meter ion source.3,4 In 1925, the process leading to 
the formation of H3+ was correctly suggested 5 to be 
H++H_,.H++H (1.1) 
2 2 3 
although the rate of this reaction was not measured until 
1957. 6 Other ion-molecule reactions were observed during 
this early period. For example, in 1928 both positive and 
negative ion~ arising from secondary reactions in iodine 
vapour were observed.? 
In the years follo\ting 1930, the main interest of 
mass spectroscopists was in the primary processes in the 
ion source, and in the development of the mass spectra-
meter as an analytical device. A great improvement in 
high-vacuum technique and increases in the sensitivity 
of ion-detecting devices allowed mass spectra to be 
recorded at much lower pressures than were previously 
possible. At these lower pressures the extent of 
secondary reactions was greatly reduced, although such 
reactions were not completely eliminated. For example, 
attempts to determine the natural abundance of the 
hydrogen isotope HD at mass 3 by mass spectrometry were 
+ 
complicated by the presence of H3 formed by reaction 
(1.1) 8,9 
Although there was little direct interest in the 
secondary reactions occurring in the mass spectrometer 
ion source during the period 1930-1950, new reactions 
continued to be discovered. Thus, for example, the 
. + lOn H3o was observed in the mass spectrum of water 
2. 
vapour, 10 and the ion N 2H +in the mass spectrum of a 
nitrogen-hydrogen mixture. 11 A si ficant development 
during this period was the calculation of the rate constant 
for reaction (1.1) by Eyring et • 12 using absolute 
reaction rate theory. Their calculated value of 2·069 x 
1 o-9 cm3 molecule - 1 s -l was later shown to be in excellent 
agreement with a value of 2·1 x 10-9 cm3 molecule- 1 s- 1 
determined by the ion cyclotron resonance method, 13 and 
values ranging from 1 • 3 to 2 · 9 x 1 o-9 cm3 molecule - 1 s -l 
determined in mass spectrometer ion source measurements. 
6' 14-16 
Interest in the secondary processes occurring in the 
mass spectrometer ion source was re-awakened in the early 
1950's. In Russia Tal 1 roze and Lyubimova 17 commenced a 
study of reactions of the type 
XII+ + YH-+ Y.H2 + + Y ( 1.2) 
About the 
same time, a number of groups in the U.S.A. measured 
rate constants for reactions of the general type 
( 1 .2). 18-20 A theory for calculating rate constants 
for reaction between charged and neutral species was 
so developed at this time. 21 
The large rate constants measured for many ion-
molecule reactions led to the realization th~t such 
reactions could play an important role in such fields 
as radiation chemistry, flame chemistry, and the 
chemistry of gas discharges. A development of the 
late 1950's was the measurement of the compo tion of 
the i0nosphere by rocket-borne mass spectrometers. 
Ion-molecule reactions played a fundamental role in 
interpretation of these measurements. To obtain more 
data of relevance to such systems, a number of new 
techniques for the study of thermal energy ion-molecule 
reaction rates were developed during the 1960's. These 
techniques, described in the following section, generally 
offered greater versatility than was possible in the mass 
spectrometer ion source. 
Some idea of the rapid growth of interest in ion-
molecule reactions may be gained from the number of 
publications dealing with the subject. In 1957, Field 
and Franklin devoted about seven pages of their book 22 
to the secondary reactions occurring in mass spectrometer 
ion sources. This covered most of the information then 
available, and consisted mainly of observation of 
appearance potentials and pressure dependence of secondary 
ion intensities, with few rate constants being reported. 
The review of Lampe et al. 23 , published in 1961, lists 
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50 rate constants known at that time. Since the early 
1960's however, review articles and compilations of 
data have been appearing at intervals of a year or two, 
and a number of books on the subject have been published. 
A selection of these reviews and books is listed in 
references 22-30. To date, rate constants have been 
determined for many hundreds of ion-molecule reactions. 
1.2 HETHODS FOR MEASUREMENT OF ION-HOLECULE REACTION 
RATE CONSTANTS AT THERMAL ENERGIES. 
1.2.1 The Mass Spectrometer Ion Source 
If the pressure in a mass spectrometer ion source is 
high enough (typically above 10-5 torr) some ions will 
undergo collision and possibly reaction with neutral 
species during their passage out of the ionization chamber. 
A typical mass spectrometer ion source used for reaction 
rate studies is shovm in figure 1.1. The ionizing electron 
beam is confined by electric and magnetic fields to a 
narrow well-defined region of the ionization chamber. 
Ions produced by electron impact in this region are swept 
out of the ionization chamber through its exit slits by 
an electric field (the repeller field). The ions are 
accelerated and collimated in the slit system s1- s4 and 
then enter the mass analyser. Reaction is effectively 
quenched as the ions exit from the ionization chamber, 
due to the lower pressure and higher ion energies in the 
collimating and analyser regions. If the primary ion 
undergoes reaction in the ionization chamber, the relation-
ship between the secondary ion current Is' and the primary 
ion current, Ip, is given by 
I /I ~ 1 - exp(-Nm~d) 
s p ( 1.3) 
5-
Where Nm is the number density of the neutral reactant, 
q the average cross section for the reaction, and d the 
distance between the electron beam and the ionization 
chamber exit slit. If the ratio I /I is small, equation 
s p 
(1.3) may be approximated by 
I /I = N qd s p m ( 1. 4) 
obtained by expanding the exponential, retaining only the 
first two terms. 
The primary ions formed in the electron beam are 
moved out of the ionization chamber with a continuously 
increasing velocity, due to the presence of the repeller 
field. Since reaction cross sections are generally energy-
dependent, the cross section q obtained from (1.4) repres-
ents an average of the cross section q(E) over the range 
of energies present, from thermal energies up to a value 
of Vd, where V is the strength of the repeller field. 
The measured quantity q, obtained by application of 
equation (1 ·4), is referred to as the phenomenological 
cross section, and will not be directly applicable to 
reactions occurring at thermal energies. 
To measure the rate constants for reactions in which 
both the ionic and neutral species have thermal distribut-
ions of kinetic energy, the pulsed ion source has been 
developed.3 1 Ions are produced with a thermal distribut-
ion of velocities by a short pulse of electrons. Following 
this ionization pulse, there is a variable delay period 
during which no voltages are applied inside the ionization 
chamber, and ion-molecule reactions take place at thermal 
energies. At the end of the delay period a high repeller 
field pulse is applied to move ions from the ionization 
chamber into the analyser region in a time too short for 
6. 
further significant reaction to occur. Rate constants 
are determined from the measured primary and secondary 
ion currents, the neutral reactant density, and the 
length of the delay period. The pulsed ion source 
technique, adopted by a number of different groups, 32-34 
allows reaction time to be controlled independently, unlike 
the continuous widthdrawal technique in which decreasing 
the reaction time by increasing the repeller field strength 
necessarily alters the range of ion energies. A modificat-
ion of the pulsed ion source technique permits rate 
constants to be measured as a function of reactant ion 
energy, from thermal energy up to about 3eV. 35 
A number of variations of the above techniques are 
possible. By employing fast differential pumping of the 
collimating and analyser regions, ion-source pressures of 
up to a few torr are possible. 36 ,37 At these pressures 
it has proved possible to determine equilibrium constants 
for three-body clustering reactions.38 The conventional 
electron impact source has been replaced with a photo-
ionization source, giving greater control over the state of 
ions formed. l4 Kebarle and co-workers have used a-
radiation from Poloriium to form ions in a field-free ion 
source at pressures of up to 200 torr. 39 Although 
uncertainties in reaction time do not allow accurate 
measurement of rate constants, a number of equilibrium 
constants have been determined by this latter method.40 
A number of workers 4l-44 have employed ion-trapping 
techniques, in which the ions formed by a short pulse of 
electrons are prevented from reaching the walls of the ion 
source (where they would be lost) by electric and magnetic 
fields. Ions may thus be trapped for relatively long 
periods (up to several milliseconds). Because of the 
longer reaction times possible, lower source pressures' 
may be used and thus reactions may be studied under 
conditions where the extent of collisional stabilization 
of intermediates is reduced. 
The mass spectrometer ion source method for rate-
constant determination has some shortcomings. Firstly, 
reactant ions may be formed in electronically or 
vibrationally excited states, and will not normally have 
sufficient time to relax to the ground state before 
undergoing reaction. Hence a measured reaction rate 
may involve an unknown distribution of reactant ion 
energy state~. Secondly, two or more concurreht reactions 
may give rise to the same product, and separation of the 
component channels leading to that product may be difficult. 
An example is the simultaneous reactions occurring in an 
H2 - co2 mixture. 45,4
6 The secondary ion co2H+ is 
produced 
co + 
2 
H + 
2 
in the reactions 
+ H ---+ 2 CO H+ 2 
C02-+ 
+ + co2H 
+ H 
+ H 
( 1 • 5) 
( 1 • 6) 
Thirdly, a particular ion may be produced by both primary 
and secondary processes, complicating the analysis. In 
studying charge transfer reactions, 
A+ + B---+ B+ + A ( 1 • 7) 
the product ion B+ would be readily confused with primary B+ 
ion produced by electron impact on B, and a small difference 
current would have to be measured to determine the current 
due to the secondary ion. To some extent this problem has 
been solved by Cermak and Herman, 47 who have devised an 
ineenious method for preventing primary, but not secondary, 
ions from entering the analyser region of the mass spectrometer. 
8. 
1.2.2 The Pulsed Stationary Afterglow 
If a gas or gas mixture is subjected to a pulsed 
discharge, ions and other energetic species are produced. 
By monitoring the composition of the discharged gas as a 
function of time after cessation of the discharge, rate 
constants for the removal of ionic species can be found. 
Radiofrequency discharges or high energy (~MeV) electron 
beams are commonly used to produce the ions, and the 
discharge may be applied as either a single or repetitive 
pulses. The composition of the afterglow is usually 
determined by mass spectrometric sampling of the discharge 
through a small orifice at the wall of the reaction vessel. 
Rate constants are obtained in the following manner. 
The loss rate of A+ by reaction 
A+ + B -+products (1.8) 
given by 
-d [A+ ]/dt ( 1 • 9) 
+ + 
where [A J and lB] are the concentrations of A and B 
respectively, and k is the binary rate constant for the 
reaction. Integrating equation (1.9) between t= 0 
and t= T, assuming [B] is constant, yields 
+ + loge ( [A ]T / [A ] 0 ) - k l B] T (1.10) 
Apart from reaction, the principal loss process for A+ 
is ambipolar diffusion, neglected in this analysis. In 
practice, the diffusive loss minimized by carrying out 
the reaction in a large excess of an inert buffer gas 
(usually helium). If it is assumed that a measured 
instantaneous ion current I is proportional to the 
concentration of that ion in the reaction vessel, then a 
decay constant f... is defined 
= - k [B] (1.11) 
9· 
Determining~ as a function of [BJ yields the reaction 
rate constant. The above method of data analysis is due 
to Dickinson and Sayers. 48 An alternative procedure 
has been devised by Fite et al., 49 in which the ratio of 
product and reactant ion currents is used to cancel 
partially the effects of electron-ion recombination and 
ambipolar diffusion. 
The stationary afterglow method suffers from some 
of the same disadvantages as the mass spectrometer ion 
source method. Reactant ions may be prorluced in 
vibrationally and electronically excited states, and 
will not have time to relax to the ground state before 
undergoing reaction. Since the neutral reactant must be 
subjected to the discharge, it too may be excited. One 
instance where this has lead to error is in the study of 
the atmospherically-important reaction 
0+ n •ro+ + l~ 2 -+ l' 
The rate of this reaction 
vibrational ~mperature.5° 
+ N (1.12) 
is strongly dependent on the N2 
Rate constants measured in 
stationary afterglows showed considerable variation,5 1-54 
in one case being over an order of magnitude too large. 
This variation was due to vibrational excitation of 
nitrogen in the discharge pulse. 
Impurities produced by reactions initiated by the 
discharge may pose a serious problem, particularly if the 
discharge is 'pulsed repetitively, e.g. repetitive pulsing 
of a nitrogen-oxygen mixture leads to a rapid build-up of 
a nitric oxide impurity. This may be overcome to a certain 
extent by renewing the gas after each dischar~e pulse. 
1 0. 
1. 2. 3 The Flowing Afterglow 
The flowing afterglow technique, described in detail 
in chapter two,was developed during the early 1960's in 
the laboratories of the National Oceanic and Atmospheric 
Administration (NOAA) at Boulder, Colorado, 27,55 and 
has since been adopted by a number of other groups.56-59 
It is an extension of the discharge flow technique used 
. 60 61 to study neutral-neutral reactlons, ' and replaces 
the temporal resolution of the pulsed stationary after-
glow with spatial resolution, by carrying ions formed 
in the discharge region down a reaction tube in a 
rapidly flowing gas. 
This spatial separation of the discharge and 
reaction regions gives rise to a number of advantages. 
Firstly, there usually sufficient time between 
production and reaction of the primary ions to ensure 
that any ions produced in excited states will be de-
excited before undergoing reaction. Secondly a great 
variety of reactant ions, either positive or negative, 
may be produced, including those which do not correspond 
to stable neutral species. Thirdly, the neutral reactant 
need not be subjected to the discharge used to produce 
the primary ions. Not only does this eliminate the 
problem of concurrent reactions, but also ensures that 
the neutral reactant present in the ground electronic 
and vibrational states, with a thermal distribution of 
velocities. If desired, however, the neutral reactant 
may be subjected to a separate discharge, and this 
facility confers on the flowing afterglow a unique 
ability to study the reactions of unstable neutral species, 
or neutral species in carefully controlled excited states. 
1 1 • 
Such reactants which have been studied in the flowing , 
afterglow include atomic nitrogen, 62 - 64 oxygen, 62 ,63,65 
and hydrogen, 66 electronically excited oxygen, 67 and 
molecular nitrogen at a variable, controlled vibrational 
temperature.5° The flowing afterglow is the only tech-
nique by which it has proved possible to study the 
reactions of such unstable neutral species. The flowing 
afterglow technique also readily permits continuous 
spectroscopic observation to be made at any stage of 
a reaction. 
Normally reactions in the flowing afterglow are 
carried out at room temperature. The NOAA group have 
measured the temperature of the carrier gas, both by 
Doppler linewidth and He2 rotational intensity 
distribution measurements, and found it to correspond 
to the temperature of the flow tube walls. 27 The 
electron temperature in the afterglow has also been 
measured spectroscopically, 27 and found to be within 
a few degrees of the wall temperature a few centimetres 
from .the discharge region. The NOAA group have modified 
their flowing afterglow apparatus to permit rate studies 
to be carried out over the temperature range 80K to 900K. 
27'. 68 
The same group have also developed the flow-drift 
apparatus 69 .which combines the chemical versatility of 
the flowing afterglow with the variable energy capability 
of the drift tube. Using this apparatus it has been 
possible to measure rate constants as a function of ion-
molecule relative kinetic energy over the range 0.5- 5 eV, 
12. 
thus bridging the gap between thermal energy measurements 
and those obtained by molecular beam experiments. 
The flowing afterglow is not able to readily and 
accurately determine branching ratios for a reaction 
giving two or more products, due to mass discrimination 
in the ion sampling and detecting systems. This mass 
discrimination does not affect the determination of the 
overall rate constant however. Another relative dis-
advantage of the flowing afterglow method is the rather 
limited total pressure range of between 0.1 and 2 torr 
which may be used. 
In addition to its capability for making kinetic 
measurements, the flowing afterglow method may also be 
used for thermodynamic measurements. In a number of ion-
molecule reactions, equilibrium is attained under the range 
of conditions of reaction time and reactant concentration 
available. In such cases, it is possible to measure the 
equilibrium constant for the reaction by analysis of the 
approach to, and attainment of, equilibrium.7° Two methods 
may be used: measurement of the rates of the forward and 
reverse rate constants, or measurement of reactant ion: 
product ion ratios leading directly to the equilibrium 
constant. The measured value of the equilibrium constant 
yields a value for the free energy change for the reaction. 
Measurement of the equilibrium constant as a function of 
temperature ehables the enthalpy and entropy of reaction 
to be determined.7 1 
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1 • 2. 4 Ion Cyclotron Resonance Spectroscopy. 
The technique of ion cyclotron resonance spectroscopy 
(ICR), which has been reviewed by a number of authors,72-74 
is based on the motion of charged particles in electric and 
magnetic fields. An ion in a uniform magnetic field B is 
constrained in a circular orbit in a plane perpendicular 
to B, but is unrestricted parallel to B. The angular 
or cyclotron frequency we of the orbital motion is 
independent of the ion velocity and is given by 
(1.13) 
where q is the charge on the ion, m the mass of the ion, 
and c the speed of light. The radius of the orbit r is 
civen by 
r = mcv/qB ( 1 • 14) 
where v is the velocity of the ion. 
If an oscillating electric field of frequency w 
is applied in a direction perpendicular to that of B, 
ions will absorb energy from the electric field when 
w =w , being accelerated to larger velocities and orbital 
c 
radii •. This absorption of energy will manifest itself as 
a change in the power drawn from the oscillator, and may 
thus be determined by using a load- sensitive oscillator. 
Since the cyclotron frequency for any singly-charged ion 
depends only on its mass and the strength of the magnetic 
field, a mass spectrum can be obtained by measuring the 
power absorbed from the oscillator as a function of 
magnetic field strength, while holding the oscillator 
frequency constant. 
The cell of a conventional drift-mode ICR spectrometer 
is shown in figure 1.2o The direction of the magnetic field 
is parallel to that of the electron beam. The cell is 
14. 
divided into three regions: source, analyser, and 
collector. Static voltages are applied to the top and 
bottom plates of the source and analyser regions to set 
up an electric eld at right angles to the magnetic 
field. Ions are formed in the source region by electron 
impact and drift from there into the analyser region with 
a cycloidal motion under the combined influence of the 
electric and magnetic fields. Trapping voltages are 
applied to the side plates of the cell to prevent escape 
of ions with velocity components in a direction parallel 
to that of the magnetic field. The top and bottom plates 
of the analyser region form the capacitive element in the 
resonant circuit of the marginal oscillator used to apply 
the oscillating electric field. Resonant power absorption 
by ions in the analyser region of the cell will manifest 
itself as a change in the radiofrequency voltage level of 
the marginal oscillator. After drifting through the analyser 
region, ions enter the collector where the total ion current 
is measured. 
At cell pressures below about 10-7 torr, the ICR 
spectrometer may be used as a mass spectrometer. Raising 
the pressure in the cell causes ions to undergo collision, 
and possibly reaction, in their passage through the cell. 
Since typical drift times are of the order of 10-3s, a 
pressure of a few times lo-6 torr would be required to 
produce one reactive collision for a reaction vdth a rate 
constant of 1 x 10-9 cm3 molecule- 1 s-1• 
The ICR technique was originally used for qualitative 
studies of ion-molecule reactions, particularly for identific-
ation of reaction channels in a complex reaction scheme, 
15. 
using the technique of ion cyclotron double resonance.75,76 
A pulsed irradiating field applied to the ICR cell at a 
frequency corresponding to the cyclotron frequency of the 
reactant ion of interest, thus increasing this ion's kinetic 
energy. Since an ion-molecule reaction rate normally varies 
vdth the kinetic energy of the reactant ion, the concentrat-
ion of secondary ions produced by reaction of the irradiated 
primary ion vall vary with the amplitude of the pulsed 
irradiating field. This variation may be detected by 
feeding the output of the analysing marginal oscillator 
into a phase-sensitive detector referenced to the pulsing 
frequency of the irradiating field. In this way, it 
possible to establish reactant-product relationships where 
a particular product ion can be produced from a number of 
different reactant ions. This ICR double resonance 
technique has also been used to study the dependence of 
reaction· rate on ion kinetic energy.77,7S A further 
application of double resonance is the ion-ejection 
technique, 79 in which the irradiating field used to 
supply sufficient energy to a particular reactant ion for 
its orbit to be increased to such an extent that it vall 
strike one of the cell walls and be neutralized. 
Absolute rate constants may be determined in the ICR 
drift cell, by measuring ion intensities as a function of 
drift voltage or neutral reactant pressure. Obtaining a 
rate constant. from such data requires a detailed analysis 
of the inte~rated power absorption by primary and secondary 
ions in the analyser region of the ICR cell. The equations 
involved are complicated, and a resort to iterative 
techniques using a digital computer is required for exact 
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solution. Alternatively, various approximate solutions 
have been devised. Some of the approximate methods have 
been considered by McAllister, 80 while both exact and 
approximate methods have been reviewed in some detail by 
Anicich and Bowers.81 
An alternative mode of operation of the ICR spectro-
meter is the ion-trapping mode devised by Mciver. 82 
Ions are produced by a short pulse of electrons and are 
trapped in the cell by electromagnetic fields while they 
undergo reaction \rlth neutral species present. They are 
detected after a lmovm and variable time delay, and then 
swept . to the walls of the cell where they are neutralized 
so that the cycle can be repeated. The ion density is 
determined as a function of time by slowly sweeping the 
time delay between the ion production and detection pulses. 
Although Mciver's original method required a specially 
designed ICR cell, it has since been possible to use a 
slightly modified drift cell for ion-trapping experiments. 83 
The ion-trapning mode of operation possesses a number 
of advantages over the drift mode. No calculation or 
measurement of the ion drift time is necessary. Also, the 
ion density is proportional to the instantaneous power 
absorption, and hence no approximations or complicated 
integrations of the power absorption equations are required. 
Rate constants may be obtained directly from plots of 
reactant ion density vs.time. Because lonG trapping times 
are available (up to about a second), reactions may be 
studied at very low pressures while ions still undergo 
many collisions. This reduces problems arisinr, from 
pressure-broadening of the ICR absorption lines which 
leads to lowered mass resolution. At these low pressures 
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the time between collisions is long, compared with higher-
pressure methods such as the flowing afterglow, and hence 
the effect of collisional stabilization of intermediates 
can be investigated. 84 
1.2.5 The Drift Tube 
Although the drift tube was developed for the study 
of ionic mobility phenomena in gases, it has found some 
application in the determination of ion-molecule reaction 
rates. In the conventional drift tube, ions are formed in 
a pulsed source, often an electron impact source, and drift 
through the apparatus under the influence of a uniform 
applied electric field to an ion detector. The number of 
ions arriving at the detector is measured as a function of 
the time delay since formation of the ion pulse. The position 
of the maximum of such an arrival-time spectrum gives the 
drift velocity and mobility of the ions, while the \tidth 
and shape of the spectrum is determined by the diffusion 
coefficients and reaction rate constant of the ions. 
Although it has long been realised that impurities must 
be excluded from drift tubes because primary ions of interest 
could quickly be converted to ions of other types in ion-
molecule reactions, the occurrence of such reactions in pure 
gases was overlooked until comparatively recently. For 
example, for many years it was assumed that the main ionic 
species detected in drift-tube studies of H2 was H2 +. 
85 
It was not until 1960 that Varney pointed out that the rapid 
reaction 
H + + H -+H + + H 
2 2 3 ( 1. 1 ) 
+ 
would convert essentially all the n2 initially formed to 
n3 + • This was confirmed by Barnes et al. a year later. 86 
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Hany different designs of drift tube have been 
. 28 87. developed, and are described elsewhere. ' Only 
three techniques will be discussed briefly here .. 
Beatty and Patterson 88 , 89 used a drift tube to 
measure the rates of the reactions 
He+ + + 2H.e~ He2 + He 
(1.15) 
and 
Ne+ + 2Ne-+ Ne
2
+ + Ne (1.16) 
Since the mobilities of the atmomic and molecular ions are 
different, the shape of the arrival time spectrum of the 
molecular ion will depend on the a.mount of drift time the 
molecular ion has spent as its atomic precursor. Hence 
rate constants for reactions (1.15) and (1.16) could be 
determined by tting analytical expressions describing the 
combined drift-diffusion-reaction behaviour of the ions to 
the experimental arrival-time spectra. 
NcDaniel's r;roup 90-9 1 have replaced the ion detector 
of the drift tube with a mass spectrometer, thus permitting 
positive identification and resolution of the ionic species 
present. Their drift tube is also equipped \rlth a moveable 
ion source. Rate constan may thus be determined not only 
from the shape of the arrival-time sp~ctra, but also from 
the dependence of ion signal on reaction length. A further 
modification of the dr.llt-tube technique is that of Hasted's 
group, who have used a mass spectrometer to 
a selected mass into the drift tube.92 
ject ions of 
Although ions vtill acquire some kinetic energy in their 
passage through the drift tube, this energy will be small 
compared to their thermal kinetic energy if the E/P ratio 
(the ratio of electric field strength to total gas pressure) 
. -1 -1 28 is kept low, less than about 10Vcm torr • 
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It is possible to ensure that ions are in their ground state 
prior to reaction by imposing a delay period between their 
production and admission to the drift tube. The neutral 
gas vdll necessarily be in its ground state, since it is not 
subjected to the discharge producing the ions. The drift 
tube can thus be used for studying the rates of ground-
state ion-molecule reactions as a function of ion kinetic 
energy from thermal energies upwards, by varying the E/P 
ratio. 
1.2.6 Merging Beams 
Beam techniques, in which a beam of ions of preselected 
mass and controlled energy is allowed to interact with a 
neutral species, yield much more detailed information about 
ion-molecule reactions than can be gained from the methods 
described previously. In addition to measurement of 
reaction cross sections, information such as the angular 
distribution of products and the partition of excess energy 
between internal and kinetic energy may be obtained. Such 
information is essential to the development of detailed 
theoretical models of reaction mechanisms. Conventional 
beam techniques are normally limited to ion energies in 
excess of a few electron-volts since the effects of space 
charc;e, spurious electric fields, and poor energy resolut-
ion become serious at low enerc;ies. Using the merging beam 
technique, beam measurements may be extended dovm to the 
near_.thermal enerr;y ranr;e. 
In the merging-beam technique, a beam of ions is 
neutralized by charge transfer to give a beam of neutrals 
whose energy in the laboratory frame of reference is large 
( V""' k e!) This beam is then merged vd th a beam of ions 
. 
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travelling in the same direction and the two collinear 
beams are allowed to run together for a time. The ions 
are then separated out and detected. The interaction 
energy of the ion and neutral species in the centre-of-
mass reference frame can be made very small by reducing 
the difference in ener es of the two beams to a low 
value. The spread of the interaction energy is so very 
small, many times smaller than the energy spread of the 
individual beams. In addition to its capability for 
giving detailed kinematic information of ion-molecule 
reactions in general, the technique may be used for the 
study of symmetric charge transfer reactions at near-
thermal energies. Further discussion of the method vdll 
not be given here. For more detailed information, the 
reader is referred to a review by Neynaber on the subject.93 
1.3 APPLICATIONS OF ION-MOLECULE REACTION RATE DATA. 
1.3.1 Radiation Chemistry, Flame Chemistry and the Chemistry 
of Gas Discharges 
Rate constants for ion-molecule reactions are generally 
several orders of magnitude greater than those for the most 
rapid reactions involving neutral species, and hence ion-
molecule reactions wi play an important part in determin-
ing the properties of a gas in which ions may be formed. 
The field of radiation chemistry is one area of chemistry 
in which ion-molecule reactions play a large part. Prior 
to 1950, most·chemists assumed that reactions of free 
radicals were of major importance in irradiated gases or 
~as mixtures. hfter the first ion-molecule reaction rate 
cons tan were measured in the mid-1950's, it was realised 
that such reactions could be invoked to explain the 
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observed product distributions in irradiated gases, 94 
e.g. Thompson and Schaeffer showed that ion-molecule 
reactions involving H3 + as a chain propogator were 
important in determining the amount of HD formed on a-
radiolysis of H2-D2 mixtures.95 
Similarly ion-molecule reactions ~ill play an 
important role in determining the characteristics of gas 
discharges and flames. The main loss mechanisms for ions 
in such systems are electron-ion recombination and 
ambipolar diffusion. Since the recombination coefficients 
of molecular ions are generally several orders of magnitude 
greater than those for atomic ions, the loss rate by 
recombination will depend on the nature of the ions present. 
Similarly the diffusive loss will be dependent on the 
mobility, and hence the type, of ions present. Thus 
transformation of an ion of one type into one of a different 
type in an ion-molecule reaction will affect not only the 
ionic composition but also the electron and ion loss rate. 
1.3.2 Molecular Energetics 
If an ion-molecule reaction rate constant is observed 
to be large (about one reaction per collision) it can be 
concluded that the reaction is not endothermic, and this may 
reveal new information on molecular energies. Thus if the 
charge-transfer reaction 
A+ + B -4 B+ + A (1.17) 
is,observed to be rapid, it can be concluded that the 
ionization potential of A is greater than that of B. 
Although ionization potentials are usually directly and 
accurately determined by other methods, electron affinities 
are not so well known and negative on charge transfer 
reactions may provide useful information in this regard. 
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One example where usefUl electron affinity data was obtained 
arose from the observation96 that the reaction 
+ NO ( 1 ·1 8) 
was rapid. This observation established that the electron 
affinity of NO was less than that of o2 , the latter quantity 
being fairly well lcnown.97 The upper limit thus placed 
on the electron affinity of NO was in disagreement with 
an earlier measurement.98 
A scale of relat gas-phase acidities of some 
organic and inorganic Bronstead acids s been set up99,100 
by observing the preferred direction of reaction for 
reactions of the type 
A- + BH -? AH + B 
a similar manner a scale of relative proton affinit s 
has been established 1 ~ by observing the preferred 
direction of reaction for reactions of the type 
AH + + B ~ BH + + A 
If it proves possible to measure an equilibrium 
constant for an ion-mole e reaction, the magnitude 
( 1 .20) 
of the free energy change of the reaction may be determined 
from the relationship 1:::. G0 = - RT ln K • The enthalpy 
of reaction may then be calculated from the ationship 
1:::. Go = 1:::. H0 - T t::.S0 if a value of 1:::. 8° is available, either 
calculated or determined from measurement of 1:::. G0 as a 
function of temperature. The enthalpy of reaction, when 
combined with other thermodynamic information,. can lead 
to values for various other thermodynamic quantities, 
0 e.g. suppose t::.H has determined for the reaction 
• 
A + BH ;::= B- + AH ( 1 "21 ) 
Then 
llH0 = llHf0 (B) + llHf0 (AH) - llHf0 (A-) 
- ll H f 0 ( BH) ( 1 • 2 2) 
If the heats of formation of AH, BH, and A are known. 
0 
-then l\Hf (B ) is readily calculated., This leads directly 
to a value for the proton affinity -of B for example, 
or combined with a value for llH 0 f ( ) ' gives the electron 
ty of B. For further discussion of studies of 
this type, see re ence 56. 
1 .3 .3 The Ionosphere 
The chemical physical processes occurring 
the earth's iono have been reviewed in detail 
sewhere102- 105 and the subject will be touched upon 
only briefly here. 
Ions are produ in the earth's upper atmosphere 
mainly by absorption of ultra-vio t and X-radiation 
from the sun by the neutral species in the atmosphere. 
The main ionic spe es thus produced in the E and F 
regions of the ionosphere are o+, o2 +, and N2 +, and these 
ions undergo charge-transfer and ion-atom interchange 
reactions with the neutral species present. Some s 
of such reactions, together with ir rate constants, 
are 
N + 
2 + 
o·-)> NO+ + N ( 1 • 23) 
1 0 -1 0 cm3 -1 -1 1 06 k = 1 .!+ x molecule · s 
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N2 + 02 -+ 02 + N2 ( 1 • 24) + + 
k ::: 5.ox 10- 11 3 -1 -1 em molecule s 1 06 
a+ + N2 -+ NO+ + N ( 1 • 25) 
k ::: 1 .2 X 1 0 -1 2 cm3molecule -1 s - 1 106 
o+ + o 2 -t o 2 + + o (1 .26) 
k = 2 .o x 1 o-1 1 cm3molecule -1 s -1 1 o6 
The rapid rates reactions ( 1 .23) and ( 1 .24) account for 
the low N2 + density observed in theE and F regions of the 
ionosphere in spite of its rapid production there. The 
slower reactions (1 .25) and (1 .26) are important 
controlling the ectron density of the ionosphere, since 
they convert atomic ions, which have low electron-ion 
recombination coefficients, into molecular ions, which 
recombine rapidl,y with electrons. 
In the D region of the ionosphere, below about 90 km, 
ion-molecule chemistry becomes very complex. Because of the 
higher pressure at these lower altitudes, the role of three-
body reactions and reactionR of minor neutral species becomes 
important. The occurrence of metal ions and negative ions 
further com:plica s the .ion chemistry in this region. The 
cluster ion H
3
o+·H 20 is the dominant ion up to about 80 km, 
and, as yet, no completely satisfactory model for its 
formation has ·been proposed. 
Space probes of the atmospheres of Mars and Venus have 
lead to an interest in the ion-molecule reactions occurring 
there, and some reactions relevant to the predominantly-
co ~t s heres have been ~tudied.107,108 2 G< mo :p  
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1.3.4. Astrophysics 
The clouds of gas between the stars consists mainly 
of hydrogen at densities ranging from 108 cm-3 down. The 
temperature of such clouds lies in the range 5 - 200 K. 
Until less than ten years ago it was believed that the 
only molecular species present in these clouds were simple 
diatomic molecules, such as CH, CN, and OH. In 1968, 
the polyatomic molecules NH3 and H20 were detected.in 
110 interstellar clouds by radio astronomy , followed 
shortly after by the detection of formaldehyde. 111 To 
date more than twenty different molecules have been 
detected, 112 the most complex being organic molecules 
.containing up to seven atoms. The most abundant molecule, 
after hydrogen, is carbon monoxide. For a typical cloud 
with a hydrogen density of 104 cm-3, the CO density is 
about 1 cm-3, with the densities of other molecules being 
two or more orders of magnitude below that of CO. 
In the less dense interstellar clouds where appreciable 
ultra-violet radiation can penetrate, molecules will be 
destroyed by photo-dissociation in a period of 100-1000 
years. 11 3 In more dense clouds, shielding by the dust grains 
found in such clouds will effectively eliminate photo~ 
dissociation as a removal mechanism for molecular species. 
Dissociation by high-energy cosmic rays may still be import-
ant though, and adsorption onto the surface of the dust 
grains may bec,ome an important loss mechanism. At typical 
grain temperatures of a few tens of degrees Kelvin, the 
lifetime of a molecule against such adsorption has been 
calculated 11 3 to be about 105 years. Because of these 
loss mechanisms, there must be some process producing 
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molecules in these clouds. 
Three-body reactions do not provide an adequate 
production mechanism, for the time scale for such reactions 
at the low interstellar densities is greater than the age 
of the universe. Reactions on the surfaces of dust grains 
have been postulated, 11 4 and could lead to formation of a 
number of the observed molecules. The mechanism of such 
reactions, the nature of the grain surfaces, and the 
mechanism for removal of molecules from the grain surfaces 
are all poorly understood however. Reactions between 
neutral species have been proposed, 11 5 but are unable to 
account for the formation of the more complex molecules 
observed. Also, such reactions often involve activation 
energy barriers, and will thus be exceedingly slow at the 
low temperatures prevailing in interstellar clouds. 
Recently ion-molecule reaction schemes have been 
suggested to account for formation of molecules in inter-
stellar clouds. 116- 118 Although the degree of ionization 
is low (electron density less than 10-4 of the neutral 
hydrogen density 109) ion-molecule reactions are likely to 
be important for two reasons. Firstly, their rate constants 
are generally several orders of magnitude greater than those 
for reactions between neutral species. Secondly, ion-
molecule reactions do not e,enerally involve activation 
energy barriers and so will proceed rapidly at the low 
interstellar temperatures. 
Rate constants for a number of ion-molecule reactions 
of relevanceto postulated interstellar reaction schemes 
have been measured, principally by the flowing afterglow 
method. 59, 11 9- 121 Although laboratory rate constants 
have usually been measured at a temperature of 300K, such 
FIGURE 1 .3 A ty-pi fAmily of trsjectories 
for an ion-molecule encounter. 
27. 
data \till, in most cases, be directly applicable to 
reactions occurring at very low temperatures because 
fast ion-molecule reactions generally show little 
dependence of rate on temperature. 
1.4 THEORIES OF THERMAL-ENERGY ION-MOLECULE REACTION RATES. 
The first general approach to the calculation of ion-
molecule reaction rate constants was that of Gioumousis 
and Stevenson, 21 who derived an expression for the rate 
constant for calli on between a neutral species having a 
thermal distribution of velocities, and an ion having a 
velocity distribution corresponding to acceleration in the 
repeller field of a mass spectrometer ion source. The theory 
is based on the long-range attractive forces produced if the 
approaching ion is able to polarize the neutral molecule. 
The ion-induced-dipole potential V is given by 
V(!') = ( 1 . 27) 
where q is the charge on the ion, a the average polarizabil-
ity of the neutral, and r the separation between the ion and 
the neutral species, both considered as point particles. 
The trajectories of particles moving under such a potential 
have been considered by Langevin. 1 (A trenslation of 
Langevin's paper appears as Appendix II of reference 87). 
A trajectory is initially characterized by two parameters, 
the relative velocity of the two particles, g, and the 
impact parameter b, which is the distance between the 
initial part of the trajectory and a parallel line drawn 
through the centre of the target molecule. A typical 
family of trajectories shown in figure 1 ·3· There is a 
critical value b0 of the impact parameter such that for a 
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trajectory with b=b , the particles will enter a circular 
0 
orbit of radius b0l~ about each other. For b>b0 , the two 
particles vdll approach no closer than b0 l¥2 , while for 
b<b ., the two particles vdll spiral inwards towards each 
0 
other, giving a long-lived orbiting collision complex. 
This inward spiralling \rill proceed only until short-range 
repulsive forces, not included in (1.27), become dominant. 
The value of the critical impact parameter leading to 
capture is given by 
bo = (4q2a I~ g2) t ( 1. 28) 
where )l..is the reduced mass of the ion-molecule pair, and g 
the relative velocity of the two particles. 
If it is assumed that reaction \rill occur whenever the 
particles approach vdthin a certain critical distance r 
c 
of each other, where r < b , and reaction vdll not occur if 
c 0 
the distance of closest approach is greater than rc' the 
cross-section for reaction, a (g), is given by 
a C g) 11:b 0 
2 
= C 11: I g) . C 4q 2 a I ~ ) t C 1 . 29) 
The general relationship between rate constant k and cross-
section is 
k =.fooo,foco f'1(v1)f'2(v2)ga(g)dv1dv2 (1.30) 
where v 1 and v 2 are the velocities of the two r'eac tan ts, 
c; = v1-v2 their relative velocity, and f 1 and the 
distribution functions of v1 and v2 , respectively. For 
a reaction occurrinc; at thermal energy, f 1 and f 2 will 
be c;iven by the Maxwell .... Boltzmann distribution law. From 
(1.29) the term go(g) is independent of v1 and v2 , hence 
(1.30) is readily inter;rated to r;ive 
1 
k 2 7cq_(a/~t)2 (1.31) 
Equation (1.31) gives the cnpture rate constant, commonly 
termed the Lanr;evin rate constant, and it iG expected to 
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provide an upper limit to the reaction rate constant if 
the polarization attraction is the only significant long-
ran force. The analysis is limited to low energies where 
the polarization energy large, or at least comparable 
to, the relative kinetic energy of the ion-molecule pair. 
If long-range forces other than polarization attract-
ion are operative then the Gioumousis-Stevenson analysis 
must be modified. For example, if the neutral molecule 
possesses a permanent dipole moment there is an additional 
term VD in the ion-molecule potential energy expression, 
due to the ion-permanent dipole attraction, given by 
where !ln is the permanent dipole moment and e the angle 
between the dipole and the line of centres of the two 
reactants. This case was first considered by Moran and 
Hami 122 who pointed out the two extremes possible. 
Firstly, if the orientation of the dipole was completely 
random, the potential described by equation (1.32) would 
average out to zero, and hence the capture cross-section 
would be e,iven by the Langevin expression. Secondly, 
if there was complete alignment or "locking in" of the 
dipole with the incoming ion then 6=0° and the ion-
molecule potential would be the sum of the ion-induced 
dipole and ion-permanent dipole terms: 
V(r) (q2 a/2r4)- (q~ /r2 ). ( 1.33) 
Gupta et al. 1 have derived an expression for the capture 
cross-section for the system whose potential is described 
by equation (1~33). The cross-section a(g) is given by 
( 1 • 34) 
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The rate constant lt is related to the cross-section by 
the expression 
k ::: fooo g 0 (g ) f{g) dg 
1 
::: 2~q ( a/!). )"2. + ( 2~qlln Ill) fooo ( f ( g ) I g ) dg ( 1 • 3 5) 
where f(g) is the distribution function for the ion-
molecule relative velocity g. At thermal energies, 
f(g) will be given by the Maxwell-Boltzmann distribution 
law, and (1.35) may be integrated to give 
1 1 .1. 
k = (21Cq IJJ.2 ) [a2 + lln(211CkB T) 2 ] 
where ~ is the thermal-energy rate constant at 
temperature T, and kB is Boltzmann's constant. 
( 1. ) 
Reactions between ions and polar molecules have 
been studied by a number of groups, 122- 128 and it has 
gnerally been found that although the measured rate 
constants are greater than those given by the Langevin 
theory, they are substantially less than predicted by the 
locked-dipole theory, equation (1.36). This suggests 
that although there is some attraction between the 
permanent dipole and the incoming ion, locking-in does not 
occur. A similar conclusion has been reached by Dugan 
and Hagee, 129 who solved numerically the equations of 
motion for interaction between an ion and a rotating 
polar molecule. Two different initial rotational 
energies of the dipole were assumed, and for each energy 
a number of random impact parameters were chosen. A 
trajectory was calculated for each value of the impact 
parameter, and capture was assumed to have occurred if 
the ion and the molecule approached within a certain 
arbitrary minimum separation. The capture cross-sections 
thus derived were larger than predicted by the Langevin 
theory, but smaller than predicted by the locked-dipole 
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theory. 
To account for these results, a classic model 
for ion-polar-molecule collisions has been developed by 
Su and Bo1vers. l30 Known as the average dipole orienta-
tion (ADO) theory, it considers the effect that the thermal 
rotational energy of the dipole has on the degree of 
dipole locking. The theory assumes that the angle e 
between the dipole and the line of centres of the 
reactants may be treated as an average angle U which will 
be a function of the ion-dipole separation r onl~ at a 
constant temperature. This average angle t1(r) is 
evaluated using the expression 
e(r) = jep(e)dG I ]P(G)dG ( 1. 37) 
when P( e ) is the probability that the dipole will be 
orientated at an angle e to the line of centres of the 
reactants. Integration of (1.37) yields e(r) as 
a complicated function of the ion-dipole potential and the 
initial distribution of rotational energies of the dipole. 
The effective potential 87 of the ion-dipole pair, which 
includes a term for the centrifugal effect, is given by 
2 I 2 2 4 I 2 ff(r) = (L 2~r -) - (aq l2r )-(q~D r )cosE\r) ( 1. 38) 
where 1 =~ bg is the translational angular momentum of the 
system. Veff(r) is at a maximum at some critical value rk 
of the ion-dipole separation r, and capture will occur if 
r ~ rk • Con deration of the energy requirements for 
surmounting the potential energy maximum at rk leads to 
an expression for the largest impact parameter, bk' for 
which capture can occur. The capture cross-section a 
is then r;iven by ?C~ 2 and is a function of rk' eosG 
at r = rk , and g. By specifyinrr, rk (i.e. when rNeffiC'if'= 0) 
and usinc; the value of e from equation ( 1 • 37) ,0 may be 
determined as a function of g. The thermal-energy rate 
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constant is then calculated by numerical integration of 
equation ( 1.39): 
k = ;: g 0 (g ) f( g) dg ( 1. 39) 
where f(g) is the Maxwell-Boltzmann distribution of 
relative velocity g. 
To facilitate ready calculation of rate constants 
by the ADO theory, Su and Bowers have parameterized the 
theory as follows. 131 The capture rate constant for 
reaction between an ion and a polar molecule may be 
written, by analogy with equation(1 .36), as 
( 1 • 40) 
where c is a parameter with a value between 0 and 1 
which has been introduced to account for the effectiveness 
of locking-in of the dipole. 
A number of typical random values of ~'~D and a were 
taken, and the corresponding values of k calculated from 
equation ( 1 . 39). This value of k was then inserted in to 
equation (1.40) and the value of c was obtained. It was 
found that, at a constant temperature of 300K, c was a 
1 
function of ~D and a only, and a graph of c vs. ~r/a2 
was plotted. Thus for any molecule whose dipole moment 
and polarizability are known, a value of c is readily 
obtained from this graph and may be used in equation 
(1.40) to calculate the thermal energy rate constant. 
There have been a number of modifications and extens-
ions to the original ADO theory. The parameter c is 
temperature-dependent, since the effectiveness of dipole 
locking depends on the rotational energy of the polar 
molecule. Values of c have been calculated as a function 
of ~Ia-} over the temperature ranr~e 50K-650K. 132 The 
original model, which calculated the average dipole 
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potential as a function of case ' has been modified 
to allow direct calculation of the average dipole 
potential by replacing case Although rate 
constants obtained from the case model are almost identical 
with those given by the COS S model, the former is both 
more justified theoretically and more simple algebraic.ally. 
I 
The ADO theory treats both the ion and the dipole as 
point particles. Allowance has been made 134 for the 
finite size of the dipole, giving negligible change in 
the rate constant. A number of authors 43,l35,l36 
have suggested that, for anisotropic molecules, the 
average polarizabili ty o" should be replaced by the 
maximum component of the polarizability tensor. This 
has been tried 137 vdth near negligible effect on the 
rate constant. 
Several comparisons have been made between experimental 
rate constants and those predicted by the ADO theory,56 ,l34, 
138 and the agreement is generally good. The theory has 
also been used to predict the dependence of rate constant 
on ion kinetic energy in one case, 139 again giving good 
agreement with experimental results. 
If the neutral molecule does not possess a permanent 
dipole moment, ion-quadrupole attraction may play a 
sic;nificant part in determininG the capture rate constant1• 40 
The ion-quadrupole potential V given by Q 
VQ = QCJ(3 cos2e - 1 )/2r3 ( 1. 41) 
where Q is the static quadrupole moment of the molecule, 
q the ionic charr,e, r the ion-quadrupole separation, and 
e the angle between the quadrupole axis and the line of 
centres of the reactants. 
The ion-molecule potential will then be given by the sum 
of the ion-induced dipole potential and the ion-quadrupole 
potential. There are two cases to be considered. In the 
even case, ·where Q and q have the same sign, v0 is 8t a 
'" 
minimum v1hen 8 =90° and a maximum when 8 =0°. In the odd case, 
where Q and q have o:r_;posi te signs, VQ is at a minimum when 
8 = 0°. Rate constants calculated assuming that thequadru:pole 
locks in i.e. setting 8= 90° (even case) or 8= 0° (odd case), 
are substantially larger then experimentally-determined 
values. Numerical calculations of trajectories for ion-
quadrupole interactions, performed by Dugan and Palmer, 141 
also indicate that complete alignment of ion and quadrupole 
does not occur. 
Su and Bowers have developed the average quadrupole 
orientation (AQO) theory to account for the above observat-
ions. 1L~2 The initial assumptions and derivation of the 
AQO theory are analogous to those of the ADO theory. 
Treatment of the angle in an averac;e sense allows numerical 
calculation of thermal-energy capture rate constants k. 
The values of k calculated numerically for a ranee of values 
of Q, q, a and f.L at 300K are then fitted to empirical 
expressions for k in terms of these variables. Usinc these 
parameterized equations, ion-quadrupole capture rate constants 
may be readily calculated. 
All the above theories are purely physical theories, 
and make no allowance for chemical effects. Thus, for example, 
the presence of an activation enerc;y barrier will cause a 
reaction rate constant to be less than the capture rate 
constant. The above theories ci ve no in formation on the 
nature of the reaction products, except that product 
channels r.mst be exothermic if the reaction efficiency 
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is to be unity. 
An extension to the col onal theories has been 
developed by Light and co-workers. l43 Their theory, 
known as the phase-space theory, may be used for predict-
ing product ratios where more than one reaction channel 
is available, and also for predicting the vibrational and 
electronic states of products. The theory assumes formation 
of an intermediate. complex at a rate given by the capture 
rate constant. This complex then rapidly decomposes 
statistically into the available reaction channels. Light's 
original postulate l44 was that "the probability of formation 
of any given product in a •strong coupling' collision is 
proportional to the volume of phase-space available to that 
product divided by the total phase-space available with 
conservation of energy and angular momentum." The arbitrary 
1strong coupling' condition is necessary to ensure that the 
intermediate complex "loses all memory" of the initial state 
of the system so the decomposition will be statistically 
governed. 
The phase-space theory, like the capture-rate theories, 
considers only the classical features of the ion-molecule 
interacton, completely neglecting quantum effects. Thus, 
for example, phase-space theory predicts l45 that the rate 
constant for the reac on 
+ + N ( 1 • 42) 
should be clo$e to the capture limit at thermal energy, 
while experimentally it is found 50 to be about three orders 
of magnitude below this value for ground-state N2 . The 
fact that spin is not conserved in formation of an N20+ 
doublet-state intermediate has been postulated 26 as a 
possible reason for the very low reaction efficiency. 
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Details of curve crossings between the various states of 
the N20+ intermediate may also be important. 
146 
A qualitative approach to charge-transfer reactions 
which takes into account chemical effects is the Massey 
adiabatic hypothesis. 147 The basis of the hypothesis 
is that, since orbital electronic velocity is much greater 
than the ion-molecule relative velocity, the interaction 
between the ion and the molecule will change so slowly 
that the electrons will have time to readjust themselves 
to the perturbation produced by the interaction without 
electron transfer occurring. The characteristic period of 
an electronic transition is given by h/ I tE I, where h is 
Planck's constant and 6E the energy defect for reaction, 
which was originally defined as the difference in ion-
ization potentials of the two ground-state reactants. 
The duration of the ion-molecule interaction is given 
by a/g, where a, known as the adiabatic parameter, is 
the collision length and g the ion-molecule relative 
velocity. Therefore, according to the adiabatic hypothesis, 
the probability of charge transfer occurring will be small 
if h/I6EI<<a/g. Since the adiabatic parameter is expected 
to be large for a spiralling Langevin-type collision, the 
probability of em electronic transition (i.e. charge transfer) 
occurring will be small unless the energy defect is close 
to zero. Experimental results for ion-atom charge transfer 
reactions support Massey's hypothesis i.e. such reactions 
are very slow unless they are near-resonant. However many 
exothermic non-resonant ion-molecule charge-exchange 
reactions proceed with high efficiency at thermal energy. 
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These results can be explained in terms of the adiabatic 
hypothesis if it is assumed that the product ion is formed 
in an excited electronic and/or vibrational state, thus 
reducing the energy defect. Bohme et al. 148 have explained 
a number of charge-transfer reactions on this basis. Recent 
studies 149 have su sted, however, that another factor 
to be considered is whether the resonant energy level of 
the excited product ion has a favourable Franck-Condon 
factor with the ground state of its neutral precursor. 
It has been observed 126 , 13°, 15° that a number of 
charge-transfer reactions proceed with a rate greater 
than that expected for·a capture col sion process. This 
suggests there may be a mechanism by which electron transfer 
can take place at distances outside the critical impact 
parameter for capture. The fact that one such reaction 
has been observed 151 to proceed without momentum transfer 
is further evidence of such a process. 
1 • 5 INTRODUCTION TO THE PRESENT WORK. 
In this work, thermal -ener~y rate constants for a 
number of ion-molecule reactions have been measured by the 
flowing afterglow technique at a room temperature of 300K± 2K 
In chapter two, the apparatus and techniques used in 
making these measurements are described, and in chapter three 
the method fo:r extractin~ rate constants from the raw 
experimental data is described. Chapters four to six 
contain results of the rate constant determinations, and 
dicussion of their sir~ificance. The results of this work 
are summarized in chapter seven, to~ether with suggestions 
for further work. The rate constan reported in chapters 
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four to six are the averages of values determined in a 
number of runs. Details of the individual kinetic runs 
are collected in Appendix I, and Appendix II contains a 
listing of the computer program used in the data analysis. 
The reactions studied may be divided into three broad 
groups. Chapter four reports the study of reactions 
involving proton transfer from H + to neutral species XCN 
3 
where X= H, CH3 , CN, Cl, Br, and I. All these neutral 
reactants, with the exception of c2N2 , have large dipole 
moments and exhibit a range of polarizabilities, while 
the reduced mass of the ion-dipole pair varies only 
slightly. The experimentally-determined rate constants 
are compared with those predicted by the ADO and other 
collisional theories. Chapter five deals with the study 
of the reactions of a number of sulphur-containing 
molecules and ions. Some of these reactions are of 
relevance to the chemistry of sulphur in interstellar 
gas clouds. Chapter six reports measurements on reactions 
of various cyanide-containing spec Again these results 
are of relevance to processes occurring in interstellar 
clouds. 
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2.1 APPARATUS. 
CHAPTER 2 
EXPERIMENTAL. 
2.1.1 General Description 
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The flowing afterglow apparatus is illustrated 
schematically in figure 2.1a. A fast flow of a suitable 
carrier gas (hydrogen, helium or argon in this work) is 
established in the flow tube A by a Roots-type blower 
backed by a large mechanic pump. Under typical operating 
conditions the pressure in the flow tube es in the range 
0.2 to 0.6 torr, with an average gas flow velocity of the 
order of 104 em s- 1. Primary ions are produced in the 
carrier gas by means of an electron impact source B 
tuated at the upstream end of the flow tube. The desired 
reactant ions are then produced by secondary reactions 
early in the afterglow. These ions are carried down the 
flow tube in the carrier gas pastthe neutral reactant inlet 
jets C, where a neutral reactant is added at a known rate. 
Reaction between ions and the neutral species takes place 
downstream from C. Reactant and product ions are sampled 
at the end of the reac on region through a small orifice 
at the apex of the nose cone D. The ions are then mass 
analysed by a quadrupole mass spectrometer, E, and detected 
with a particle multiplier, F. 
By monitoring the intensity of the reactant ion signal 
as a function of the neutral reactant flow rate, the rate 
constant for the reaction may be determined, as outlined in 
chapter 3· 
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2.1.2 The Flow System 
The flow tube is a copper tube 93 em in length with 
an internal diameter of 9.48 em. It is terminated a 
distance of about 9 em from the tip of the nose cone. 
The gas flow in the tube is smoothly separated by the 
conical sides of the nose cone and exhausted through a 
6-inch gate high vacuum valve (Japan Vacuum Engineering 
model VGH-06) and 20 em diameterpipe to a Roots-type 
blower backed by a mechanical pump. The Roots blower 
(Japan Vacuum Engineering model PMB-020) has a maximum 
-1 0 . pumping speed of 570 1 s at .1 torr. The back1ng 
pump (Japan Vacuum Engineering model PKS-030) has a 
pumping speed of 50 1 s- 1• Both pumps are automatically 
isolated from the flow tube in the event of power failure 
by an air-operated 8-inch gate valve (Japan Vacuum 
Engineering model VLP-0801). 
Neutral reactants may be added into the afterglow 
through either of two inlet jets in the flow tube. The 
jets, situated 30 em and 52.5 em from the upstream end of 
the flow tube, consist of lengths of 0.7 em o.d. glass 
tubing terminating on the flow tube axis. The ends of 
these jets are bevelled at an angle of 45° to aid mixing. 
Some idea of the rapidity with which mixing occurs may 
be gained if the ion-molecule reaction taking place produces 
visible emission. Such studies have been carried out by 
Fehsenfeld et. a1. 55 The mixing characteristics of the 
type of inlet jet used in this work are illustrated in 
fig. 3c of reference 55. 
Observation ports are fitted immediately downstream 
of each of the neutral reactant inlet jets. Each of these 
ports consists of two glass windows about 6 em in diameter 
41. 
mounted diametrically opposite each other on the walls 
of the flow tube. 
All joints in the system are sealed with Viton A 
or Buna N 0-rings. 
2. 1 • 3 Control and Measurement of Flow and Pressure 
To obtain accurate rate constants from the flowing 
afterglow , it is necessary to be able to control and to 
measure accurately both the average flow velocity of the 
carrier gas and the flow rate of the neutral reactant. 
The average flow velocity of the carrier gas 
calculated from its measured volume flow rate and the 
pressure in the reaction tube. The latter is measured 
by an untrapped McLeod gauge whose sampling port 
tuated mid-way between the downstream neutral reactant 
inlet jet and the end of the flow tube. 
The volume flow rate of the carrier gas is measured 
by using the carrier gas inlet port as a sonic nozzle. 
This method of flow measurement is outlined in reference 
152. Briefly, if the pressure difference across a nozzle 
through which a is flowing exceeds a certain critical 
value, the gas velocity in the throat of the nozzle reaches 
a limiting value of the local speed of sound. Under these 
conditions, the volume flow rate of the gas is dependent 
only on the pressure upstream of the nozzle, and not on that 
downstream. 
The carrier gas inlet line shown figure 2.lb. 
The carrier gas is widthdrawn from its cylinder and passes 
in turn through a re gerated zeolite traP G, a pressure 
regulator H (Edwards model VPC 1), and a teflon-glass 
needle valve I, and then enters the flow tube through a 
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standard ~ inch Swagelock coupling J welded to the end 
flange of the flow tube. No special design of the inlet 
nozzle was found to be necessary to achieve sonic flow 
conditions. The pressure is measured about 4 em. upstream 
of the nozzle by a differential pressure transducer K 
(Ce sco Industries model P7D). The reference side of 
this transducer was evacuated to a pressure of the order 
of 10-3 torr by a mechanic vacuum pump. 
The sonic nozzle flow-meter was calibrated by 
connecting a commercial dry-test meter (UGI Meters Ltd.) 
in series in the carrier line and measuring with a 
stopwatch the time taken for the passage of a given volume 
of gas under steady flow conditions. For each observed 
flow rate, the corresponding voltage output of the 
transducer was noted. In this way , a linear relationship 
was found between the carrier flow rate and the trans-
ducer output, over the ran of flow rates of interest. The 
transducer output at maximum carrier gas flow rates used 
in this work corresponds to a pressure immediately upstream 
of the nozzle of about 40 torr. 
The neutral reactant is added through ther of the two 
inlet jets from the glass line depicted schematically in 
figure 2.2. This line evacuated by a mechanic vacuum 
pump (Hitachi model 4VP-CG) to a base pressure of 10-3 torr. 
The neutral reactant flow is controlled by Edwards type 
LB lB needle valves A, and measured by monitoring the pressure 
drop in a constant calibrated volume. For each inlet, two 
calibrated volumes are available. One consists of a 2 litre 
bulb B, the other of the tubing between the bulb and the 
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needle valve, a volume of about 200 cm3. The pressure 
drop in the chosen calibrated volume is measured with a 
differential pressure transducer C (Ce sco Industries 
model P7D) whose output displayed on a strip chart 
recorder. The neutral reactant flow can then be 
calculated from the linear pressure-time plots. Flow 
16 -1 rates ranging from 1 x 10 particles s to about 
5 x 1019 particles s- 1 could be measured to \tithin a 
few percent by this procedure. 
Constant ow rates of neutral reactant can not be 
maintained for sufficient time for a measurement if the 
pressure of the reactant upstream of the needle valve 
is less thanroout 200 torr. In dealing with reactants 
whose vapour pressure at room temperature is less than 
200 torr, the following procedure is adopted. The 
reactant is admitted to a 5 litre bulb D in the line at 
a pressure below its saturated vapour pressure at room 
temperature, this pressure being measured \tith the 
pressure transducer. High purity helium is then admitted 
to a 2 litre bulb in the line to fill it to about 
atmospheric pressure, this pressure being measured with 
a mercury manometer E. The contents of the two bulbs are 
then allowed to mix. The composition of the 8aS mixture 
is determined from the known pressures and volumes, 
assuming no condensation of the neutral reactant takes 
place. Condensation should not occur as the reactant 
pressure is chosen to correspond to its saturated vapour 
pressure at a temperature about 10°C below room temperature. 
Once the comnosition of the ~as mixture is known, the neutral 
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reactant flow rate can be determined from the measured 
flow rate of the mixture. 
The transducer used in this work was calibrated against 
a quartz-Bourdon differential pressure gauge (Texas 
Instruments model 144) and checked periodically against a 
mercury manometer. The circuit diagram of the transducer 
control unit is shovm in Appendix III. 
2.1.4 The Ion Source 
Ions are produced in the carrier by means of an 
electron impact source mounted on the end flange of the 
flow tube. This source con sts of a heated filament 
surrounded at a distance of about 3 mm by a helical grid. 
The grid is maintained at earth potential while the filament 
has a negative voltage applied to it. 
The filament con sts of a 5 em length of platinum -
13% rhodium wire 0.033 em in diameter, and is coated with 
barium zirconate to improve its electron emi on 
characteristics. 153 The coating is prepared by mixing 
about of each of barium and strontium carbonates with 
barium zirconate and a,pplying this mixture in suspension 
in acetone to the filament, which is then heated electrically. 
The filament bias voltage can be varied from 18 to 100 V, 
and the emission current from 0 to 10 rnA. The source is 
usually operated at about 2 rnA emission with a filament 
bias of 80 to 100 V. At these electron energies, electron 
impact cross sections are at a maximum. 
The circuit diagram of the emi on control unit 
shown in Appendix III. 
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2.1.5 Ion Sampling and Detection 
Ions are sampled from the flowing plasma through a 
small orifice at the tip of the nose cone. They pass 
through one focussing electrode and then enter the 
quadrupole mass filter. The focussing electrode, a 
circular stainless steel plate with a 5 mm diameter 
hole at its centre, is situated about 7 mm in front 
of the mass filter assembly. In detecting positive 
ions, both the nose cone and the focussing electrode are 
usually maintained at a potential of about -4 V with 
respect to the tube walls (earth potential). The axis 
of the mass filter assembly is maintained at about -10 v 
with respect to earth by application of this bias voltage 
to all four rods in the filter assembly. After passing 
through the mass filter, the ions are detected 'rith a 
partie multiplier. 
Th 0 0 d f t · 1 t 1 1's a 90° e n se c ne, rna e rom s a1n ess s ee , 
truncated cone 9·7 em in diameter at its base. At its 
front end is a disc of molybdenum 1.2 em in diameter and 
0.01 em thick in which the sampling orifice is drilled. 
In this work a 0.03 em diameter orifice was used. The 
nose cone is electrically insulated from the walls of the 
mass spectrometer chamber by teflon washers. A VitonA 
0-ring provides a vacuum seal between the reaction tube 
and the mass spectrometer chamber. 
Molybdenum is the material used for the tip of the 
nose cone for the following reason. A variation in the 
sampling efficiency of the mass spectrometer has been found 
27,58,65 when the material of the sampling orifice is gold, 
stainless steel, copper, brass, or rhodium. This variation 
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is particularly serious when oxygen atoms are present. The 
only two materials which have been found to give reliable 
sampling are molybdenum and carbon, 27 the latter in the 
form of a coating applied as an alcohol suspension of 
graphite. 
The distance between the tip of the nose cone and the 
end of the reaction tube is about the same as the diameter 
of the flow tube. This geometry is expected to give a 
smooth separation of the flowing gas, and thus the gas 
near the front of the nose cone will characterize the 
central portion of the flowing plasma in the reaction tube! 
Ferguson and co-workers have confirmed qualitatively that 
the flow is uniformly intercepted by the nose cone, 
by observation of its appearance after performing experiments 
with metal ions. 27 These workers have so replaced the 
truncated nose cone with one which tapered to a sharp kni 
edge at the orifice. 154 Results obtained using this nose 
cone were identical to those obtained using truncated nose 
cones. It has thus been established that a stagnant sampling 
layer does not exist at the blunted face of the nose cone. 
The stainless steel quadrupole mass ter has a length 
of 15.2 em and a field radius of 0.273 em. The power supply 
for the mass filter of the voltage-scann g type and 
covers the mass range 1-150 amu, or 10-300 amu, depending 
on which of two constant frequencies is chosen. It is 
capable of giving unit resolution over the whole mass ranhe. 
The de gn of the power supply is based on that of the EAI -
Quad 150 A. 
After passin~ through the mass filter the ions are 
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detected \tith a particle multiplier. In the early part 
of this work, a 15 - stage multiplier vdth Be - Cu dynodes 
was used (EHI model 9603/2B). It was mounted immediately 
behind the exit aperture, and in line with the axis, of the 
mass filter assembly. Positive ions were drawn into it by 
a voltage of - 3 kV applied to the first dynode. 
This arrangement suffered from the disadvantage of a 
relatively high background current arising from radiation 
from the reaction tube reaching the first dynode of the 
multiplier. To eliminate this problem, the multiplier was 
replaced in later stages of this work \tith a continuous 
dynode particle multiplier (Galileo Electro-optics model 
4219). The smaller size of this device permitted it to 
be mounted with its axis at right angles to the axis of 
the mass filter assembly. The multiplier's entrance 
aperture is situated about 2.5 em behind the exit aperture 
of the mass lter assembly, and about 1.5 em. from its 
axis. Ions are dra\~ into the multiplier by a voltage of 
- 3kV applied to its front aperture. 
The output of the particle multiplier is measured with 
a high-speed picoammeter (Keithley model 417). The gain 
of the multipliers is typically 105- 106 , and their maximum 
output currents of the order of 10-7 amperes. The lowest 
-11 detectable current is about 10 amperes. 
The mass spectrometer chamber is evacuated to a 
pressure less than 5 x 10-5 torr during operation by a 
4 - inch oil diffusion pump (Edwards model E04) backed with 
a mechanical pump (Edwards ES 150). There is a liquid-air-
cooled trap between the diffusion pump and the mass spectra-
meter chamber. The pumping speed of the diffusion pump-
cold trap combination is 400 1 s-1 for hydrogen over the 
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pressure range 10-3 -6 - 10 torr. Pressure is measured 
with an ionization gauge (Veeco RG 75 head and RG 21 X 
con troller). 
One problem sometimes encountered in ion sampling 
was that of a reduction in the sampling efficiency vdth 
time, presumably due to a build up of charge on the 
surfaces of the nose cone and focussing electrode. To 
minimize this change in sampling efficiency the nose cone 
and focussing electrode are cleaned periodically. The 
cleaning procedure adopted consists of a vapour degreasing 
in trichloroethylene followed by overnight soaking in 
a 591, solution of Dec on 90 surface active agent, and 
thorough rinsing in distilled water. 
2. 2 REACT1lNT ION PRODUCTION. 
Reactant ions of interest are formed in the flowine 
plasma by adding a suitable parent gas to the afterglow 
dovmstream of the electron gun, and allo\ting it to react 
with the energetic species (ions or metastable atoms) 
produced by electron impact in the carrier gas. Ions 
of the carrier gas vdll produce reactant ions by charge 
transfer e.c;. 
+ Ar + 0 -+ 0 + 2 2 + Ar 
or dissociative charge transfer, e.g. 
He+ + CO -+ C+ + 0 + He 
( 2. 1 ) 
(2.2) 
while metastables produce ions by Penning ionization 
reactions e.~. 
lie ( 23 S) + 0 -+ 2 
+ 
0? 
L. 
+ He 
If these reactions are rapid, only very small flows (0.1 -
3 -1 
em atm. s ) of the reactant ion parent gas are 
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required. 
Reactant ions ma.v also be produced by direct ectron 
impact. In this case, the reactant ion parent gas is 
d with the carrier gas upstream of the electron gun. 
ati vely large flows ( v- 1 0 cm3 atm. s -1 ) of the reactant 
ion parent gas are ired. 
By varying the bias voltage applied to the filament 
of the electron gun, the electron energy can be controlled, 
and thus ion production can be selectively controlled. For 
example, if electron energies of less than 24.6 eV (but 
ater than about 20 eV) are used in a helium carrier 
gas, metastable helium atoms, but no helium ions, will be 
produced. Subsequent reaction with a neutral species 
such as CO will produce CO+ ions, but no C + ions, which 
wo d have been produced hAd helium ions been present. 
It is generally assumed that the reactant ions are 
in their ground ctronic state at the point of neutral 
reactant addition. a limited number of cases, other 
ion N2 + is formed a radiating the flowing 
afterglow by the Penning reaction 
He(23s) + N2 ~ N2 +(B2.6~) + e + He(1 1 S) ( 2 • L~) 
ctroscopic observation of the radiation emitted the 
tr tion 
+ ( 2 +) N2 B .Zu -+ ( 2.5) 
+ showed that the N2 ions radiate 1 .v into the ground 
electronic and vibrational states before the neutral 
ant inlet is reached. 27 Another example is offered 
b.V the atomic ion Kr+. This ion has produced in the 
owing after,n;low the Penning reaction 
+ Kr ~ Kr+ + (2.6) 
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and, to some extent, by electron impact. Chemical 
evidence has been offered that the 2P 1 state of the 
2 
Kr+ ion has been largely de-excited by superelastic 
calli ons with electrons before the neutral reactant inlet 
is reached. 155 
Such direct evidence has been obtained only in special 
cases. However, as the ions exist in the flo·wing plasma 
for a few milliseconds before reaching the neutral reactant 
inlet, there is normally sufficient time for them to be 
de-excited to the ground electronic state by radiative 
transitions or superelastic calli ons with elec trans. 
In the latter case, de-excitation cross sections .need 
-15 2 only be about 10 em for almost all the excited states 
to be removed. If, however, there are low-lying 
metastable energy levels of the ion available, then an 
appreciable fraction of the ions arriving at the neutral 
reactant inlet jet may be electronically excited. This 
possibility will be further discussed in chapter five in 
connection with the ion-molecule reactions of S+. 
2.3 THE ROLE OF IMPURITIES. 
Impurities, which can confuse or falsify the data 
from the flowing afterr;low, can arise from a number of 
sources. They may be released from the walls of the flow 
tube, or be added in with the carrier gas, the reactant ion 
parent gas, or the neutral reactant. 
Impurities from the first two sources will be a 
problem if they are present in sufficient quantity to 
seriously deplete the reactant ion si(:';llal. V/ater vapour 
was one such impurity commonly encountered in this work. 
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For this reason, the carrier gases are purified by passing 
them through a refrigerated zeolite trap. This trap has 
a diameter of 3.5 em, a total length of 200 em, and is 
packed \tith Union Carbide type 5A molecular sieve. 
Impurities released from the walls of the flow tube are 
minimized by regularly baking the tube to about 80°C. 
Impurities added with the reactant ion parent gas 
will not be a problem, unless they give rise to ru1 ion 
signal at the same mass-to-charge ratio as the reactant ion. 
More serious is the effect of impurities in the neutral 
reactant, although the extent to which these affect a rate 
constant.determination depends on the particular reaction 
being studied. An impurity which is uniformly mixed vtith 
the neutral reactant and which reacts rapidly with the 
reactant ion will lead to a systematic decrease in the 
reactant ion signal which would mimic reaction with the 
added neutral reactant. If the reaction being studied is 
fast (reaction on almost every collision) such an effect 
will not be large. For slower reactions, which require 
large flows of thereutral reactant, the effect may be 
serious. In fact the rates of many slow reactions measured 
in the flo\ting afterglow can be determined only as upper 
limits, due to the uncertain effect of impurities. 
In all rate constant determinations, a mass scan of 
the ions present is carried out before and after addition 
of the neutral reactant. Since any reactive impurity will 
usually give rise to an ion signal distinguishable from the 
products of the.reaction being studied, the presence of an 
impurity is unlikely to co undetected and lead to on 
erroneous rate constant determination. 
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2.4 MATERIALS. 
2.4.1 Carrier Gases 
Three different carrier eases were used during the 
course of this work. They were hydrogen, helium, c=md 
argon. 
Hydrogen: 
Helium: 
Argon: 
industrial or dry grade, supplied by New 
Zealand Industrial Gases Ltd. It was 
purified by passage through a zeolite trap 
cooled with liquid air. 
obtained from two sources, Airco Industrial 
Gases, N.J., and Canadian Helium Ltd. Stated 
-purity 99.995%.. It was dried by passage through 
a zeolite trap cooled with liquid air. 
welding grade, 99·9~6 pure, obtained from 
New Zealand Industrial Gases. It was dried 
by passage through a zeolite trap cooled in 
a dry ice-ethru1ol bath. 
2.4.2 Reactant Ion Parent Gases, and Neutral Reactant Gases 
Ammonia: supplied by the Christchurch Gas Co., 99-97% 
pure, and used vdthout further purification. 
Carbon Monoxide: C.P. grade, supplied by the Matheson 
Company, 99.5% pure. It was purified by 
passage through a liquid-air-cooled zeolite 
trap. 
Cyanogen: supplied by the Matheson Company, 98.5% pure. 
It was purified by repeated freeze-pump-thaw 
cycles. 
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Hydrogen Cyanide: prepared by the action of phosphoric 
acid on sodium cyanide. It was dried over 
phosphorus pentoxide and further purified 
by trap to trap distillation. 
Cyanogen chloride: prepared by admitting chlorine to a 
bulb containing an excess of sodium cyanide, 
and allowing reaction to proceed for 24 hours. 
Unreacted chlorine was removed by distillation 
at dry ice temperatures. The cyanogen chloride 
was then dried over phosphorus pentoxide and 
further purified by trap to trap distillation. 
Cyanogen bromide: prepared by reacting bromine vnth 
excess mercuric cyanide. The cyanogen bromide 
was collected in a trap cooled to -78C, and 
purified by subliming it from trap to trap. 
Cyanogen iodide: prepared by the method of Goy et al. 156 
in which iodine was mixed with an excess of 
mercuric cyanide and sealed in an evacuated 
tube. The tube was heated fully immersed in a 
water bath for a few hours until reaction was 
complete, and was then heated partially immersed 
to sublime the iodine cyanide to the top of the 
tube. The iodine cyanide was purified by 
pumpin~ under vacuum and by sublimin~ it from 
trap to trap. 
Methyl cycmid·e: analytical r;rade, supplied by Koch-Lic;ht 
Laboratories. It was purified by repeated 
freeze-pump-thaw cycles. 
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Hydrogen: dry grade, supplied by New Zealand Industrial 
gases. It was purified by passage through a 
de-oxo catalytic purifier (Englehard 
Industries Ltd.) and a zeolite trap cooled 
\tith liquid air. 
Hydrogen sulphide: prepared by the action of phosphoric 
acid on solid sodium sulphide. It was dried 
over phosphorus pentoxide and puri ed by 
trap-to-trap distillation. 
Sulphur dioxide: supplied by British Drug Houses Ltd. 
Oxygen: 
It was dried over phosphorus pentoxide, end 
purified by repeated freeze-pump-thaw cycles. 
ultra-high purity grade, 99-95% minimum purity, 
supplied by the Natheson Company. It was used 
\rlthout further purification. 
3. 1 INTRODUCTION. 
Rate constants are determined in the flowing after-
glow from the variation in reactant ion signal with added 
neutral reactant. The equations describing the reactant 
ion density are quite complex, and various groups have 
devised a number of analytical or numerical methods for 
solving them. 27,70,l57-lGl The treatment adopted here is 
15° . 70 based on that of Bolden et al., 0 and Bohme et al. 
The various models used are described in section 
3.2. A treatment based on an over-simplified model is 
first developed. rrhis model' known as the "plug-flow" 
model, assumes that the carrier gas velocity is uniform 
throughout the flow tube, and that reaction with added 
neutral reactant is the only significant loss mechanism 
for the reactant ion. This model is then modified to 
to.ke into account the actual hydrodynamic properties of 
the carrier gas flow, and to include radi.al ambipolar 
diffusion as a loss mech:::tnism for reo.c tEm t ions. A 
further modificat:ion is then made to include axial 
diffusion of reactant ions. 
The distortion of flow patterns at the neutral 
reactant inlet jet has been neglected in these models. 
Section 3·3 describes the method used in making an 
e~pirical correction for inlet effects. 
The computer program used to extract rate constants 
from the raw experimental data is described in section 
3.4. Finally, in section 3.5, the accuracy of rate 
constants determined in the flowing afterglow is discussed. 
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3.2 THE FLOW ANALYSIS. 
3.2.1 The Plug Flow Model 
The decrease in concentration of the reactant ion 
A+ as a consequence of addition of the neutral reactant 
B in the reaction 
+ + A + B~ C + D ( 3. 1 ) 
is civen by 
(3.2) 
where k is the binary rate constant for the reaction and 
[A+Jand [B] are the concentrations of A+ and B respectively. 
If the axis of the flow tube is designated as the z axis, 
and if it is assumed that the carrier gas flow velocity 
v0 is constant and directed along the z axis, then (3.2) 
may be rewritten 
+ k [A J[B] 
where z is the distance from the point of neutral reactant 
addition. 
All experiments in the flowing afterglow are performed 
with the neutral reactant present in far greater concentra-
tion than the reactant ion, and hence it may be assumed 
that [BJ is not affected by the reaction. Furthermore, it 
will be assumed that B is introduced uniformly over the 
cross section of the flow tube. Its concentration in the 
reaction zone will then be given by 
[ B] ::: Q/ 7C a 2 v 
0 (3.4) 
-1 
where Q is the rate of introduction of B in particles s 
nnd a is the radius of the tubeo Equation (3.3) may now be 
integrated to yield 
+ + log ( l A ] I [ A ] ) 
e o 
= - (k[B]/v0~1 dz 
= - QkL/?t:a2v 2 0 
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(3-5) 
where L is the lenr;th of the reaction zone (the distance 
from the neutral reactant inlet to the tip of the nose 
cone), ru1d [A0 +] the concentration of A+ in the absence 
of any reaction. 
Rate constants may be determined by observing the 
+ variation in [A] when any one of the parameters Q, L, or 
v0 , in (3.5) is varied. In this work, the only parameter 
varied was the rate of neutral reactant addition, Q. 
Differentiating (3.5) one obtains 
k = ( ?t:a2 v0
2/L) (d loge [A+] /dQ) 
The rate constant may then be determined from the 
slope of a plot of ln [A+] vs. Q. 
3.2.2 Non-uniform Velocity Profile and Radial Diffusion 
corrections 
It has been assumed in the plue flow model that chemical 
reaction j_s the only loss mechanism for A+ ions. This is 
not so. The concentration of A+ ions vdll be subject to 
both radial and axial variation, and hence loss by diffusion 
will occur. 
It was also assumed in the pluc; flow model that the 
carrier c;as flow velocity is uniform. This is not so. At 
the pressures used in the flow tube, the carrier gas flow 
will be laminar vdth a few percent slip flow at the walls. 
Under these conditions the radial velocity profile is 
. by1G2 ,~lven 
v (r,z) = (1/Lt-YJ) • (a2 - r 2 + 2sa) dp/dz ( 3· 7 ) 
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where p is the pressure in the flow tube, 'rJ the viscosity 
of the carrier gas, and s the coefficient of slip. 
Cylindrical coordinates r,e , z are used, with the z 
axis, as before, being the axis of the flow tube. The 
distance d required for such flow to fully develop is 
163 given by 
d = 0.227 aR (3.8) 
e 
where R is the Reynolds number of the gas flow. For helium 
e 
at room temperature vr.i th a flow rate of 180 em 3 atm. s - 1 , 
d is 12 em. 
It has been found experimentally 164 tha.t for a wide 
variety of gases in copper tubes 
where ~ 1 is the mean free path in em in the gas at a 
pressure of 1 torr. 
The averac;e flow velocity of the gas v (z), will be 
13iven by 
v(z) = 
~a 2~rv(r,z) dr 
2 
~a 
(3.10) 
Substituting (3.10) into (3.7) to eliminate dp/dz gives 
where 
and 
v(r,z) = wii(z) (b-r2/a2 ) (3.11) 
VI = 2/( 1 + 5.52 ~1 /pa) 
b = 1 + 2.76).!1/:pa 
-The z-dependence of v \till be neelected, since it does 
not enter into the analysis when a rate constant is 
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-determined by varying Q.7° The average flow velocity v 
is calculated using the equation 
-v :::: 
F ( cm3 a tm .. s - 1 ) 
71. ( cm2 ) 
760 torr atm. -1 
p (torr) 
where F is the experimentally-determined volume flow rate 
of the carrier gas at room temperature, and p the pressure 
measured at the mid-point of the reaction zone. 
If [A+] ::: [A+] (r, e , z) is the concentration of A+ 
at some point (r, e , z)in the flow tube, the continuity 
equation for A+ is 
vthere 'V has its usual meaninc; of the vee tor operator 
(o/ax,a/a,y,a/az ), ( o[A+]!ot)v is the rate of change 
of [A+] due to volume formation or loss processes, and J 
is the ion current density c;iven by 
(3.16) 
where DA is the ambipolar diffusion coef cient of A+ at 
some pressure p. Takinc the divergence of (3.16) one obtains 
'V • J ::: 'V • ( [ A+ ] v ( r ) ) - D A \72 [A+ J 
:::: v ( r ) a l A+ ] I a z - D A \72 L A+ ] (3.17) 
since v(r) has only a z component. In the steady-state 
flowing afterGlow a[ A+] I at is zero, so combination of 
(3.15) and (3.17) cives 
DA 'V2 [A+]- v(r) (a[A+]/az) + (a[A+]/at )v = o (3.18) 
The volume formation and loss process which ma.l\.e up 
( a [A +J lat~·may include: 
i) Loss by reaction vdth added neutral reactant. 
J.l) Loss by reaction with impurities. 
iii) Loss by recombination. 
iv) Loss by three-body association reactions. 
v) Production by metastable-metastable reactions. 
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vi) Production by reverse reaction. 
Experimental conditions can generally be chosen such 
that (i) is the only significant loss process. Hence 
( a [1\+] I a t)v - k [A+] [B] , usin['; the same notation 
as in section 3.2.1. 
Substituting for (a[ A+] I a t)v in (3.18)' and 
transforming to cylindrical coordinates, one obtains 
D {·~_a (r-aLA +]) 
A r ar ar 
:::: 0 
To solve this equation, the term a2 [A +] I az 2 , 
arising from axial diffusion of 1\+, will be neglected for 
the present. It vdll also be assumed that the concentration 
of B is uniform at all paints dovmstream of the neutral 
reactant inlet jet, and given by 
[ BJ 0/ 1C a 2 v (3.20) 
Substituting for (B] a~d v(r) in (3.19) from (3.20) and 
(3.11) respectively, and dividing by v cives 
:A {: a: (r a~:+ l)} _ w ( b _ ~ ) a [A+ l _ -~ x: l = 0 
( 3. 21 ) 
The dimensionless form of (3.21) is 
~ a: ( P~) - (b - p2 ) :~ _ g 2y = 0 (3. ) 
wher•e y =[.A+ JllA 
0 
+] , p::::r/a, u::::D A z/a 2vw, snd g2 ::::kQ/'!':vD A 
Equation (3.22) may now be solved by the method of separation 
of variables. If the substitution y = R ( p)Z(u) is made 
2 in (3.22), and the resultinr; equation divided by (b- p )Rz, 
one obtains 
___ 1_= _::_ (PdR) ___ ...,... _ ~ _ctz 
R p ( b )d p d p b - p Z du 
(3.23) 
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Since the left hand side is a function of p only, and the 
right hand side a function of u only, each must be equal 
. 2 
to the same constant, -I< say (the separation constant). 
This leads to the two equations 
( 3 .24) 
and 
dZ 2 
Z = - K du (3.25) 
Equation (3.24) is now the Sturm-Liouville form 
and its lowest eigenvalue k 2 may be· determined by the 
0 
165 166 Rayleigh-Ritz variational method. ' Only the lowest 
eigenvalue, corresponding to the fundamental diffusion 
mode, need be considered since other workers have shown27,l59 
that hi er-order diffu on modes are rapidly attenuated. 
In the Rayleigh-Ritz variational method a tri 
R = a(1 - p2) + ~(1 - p2)2 
function 
(3.26) 
is assumed, where a and ~ are required to satisfy the equat-
ions 
-g 2 )R}dp 0 (3.27) 
-g 2 )R} dp = 0 (3.28) 
Substitution for R from (3. ) in (3.27) and (3.28) leads, 
after some manipulation, to 
and 
a{G + g 2 -k0 
2 (b- 0.25)] + 
P {4 + O. 7 5g2 - K 0 2 ( O. 7 5b - 0.15) J = 0 
a14 + o. 75 2 -k0 
2 (0. 75b- o.15)J + 
~14 + o. 6g2 -k0 2 (0.6b- 0.1) J = 0 
A non-trivial solution of (3.29) and (3.30) exjsts if 
(3.29) 
(3.30) 
. 2 2 16 + g 2 -1<
0 
2 (b- 0.25)\14 + o.G- -K 0 (0.6b- o.1)1 
= 14 + 0. 7 5 g 2 - k 0 2 ( 0. 7 - 0. 1 5 ) 12 ( 3 • 31 ) 
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Ex pan 4 on of this equation, neglecting terms in g , 
this 
func 
The 
to a quadratic equation in K 0 
2
. Solution of 
equation in the normal manner gives ~ 2 as a 
0 
on of g 2 in the form 
1<, 
2 
= o + yg2 (3.32) 
0 
ginvalue components 6 and y , which are functions 
of b, are given by 
1 A{Qn 2 - ) ] (3-33) o - - [m-
- 21 
and ~ - 2~ [ n y 2mn + 2A!(m 2 6. 41 ] - 321) (3.34) 
where 1 = (0.25-b)(0.1-0.6b)-(0.15-0.75b) 2 (3.35) 
m = 1. 6b - o. 4 (3.36) 
and n = 0.025- 0.075b (3-37) 
The ne ect of terms in g 4 in the ex pan on of (3.31) 
will not lead to serious error if the dimensionless 
term is less than 15. l59,l60 
The eigenvalues ? 2 the form k - = o + yg may 
0 
now be substituted into (3.25). Integration of this 
equation between the limits z = 0 and z = L ads to, 
in the dimensional form, 
loge'!_ = -{~ D~ + ykQ 2-}~ 
Z w a w1Ca v v ( 3 • 38) 
0 
If new genvalue componen IJ.=oiN and r=yAv are defined, 
the variation of [A+] may be written 
LA+ J = _ { ®.A + n{Q } L 
loge 2 LAo+] a· v 
Differentiating (3.39) with respect to Q gives 
1c = -( ?ta2v2 /rL) ( dlog [A +]/dQ ) 
~e 
(3.39) 
(3.40) 
Comparinr, (3.40) with (3.6), it can be seen that 
inclu on of a radial diffu + ve loss term for A has not 
affected the expression for calculating k. The effect 
of the non-uniform velocity profile has been to multiply 
the rate constant obtained using the plug flow model by 
a factor of 1/r , giving and increase of about 6~~ in k. 
3.2.3 Axial Diffusion Correction 
Loss of A+ by radial diffusion and by reaction with 
added neutral reactant will lead to a gradient of [ A+] 
in the axial direction, and hence axial diffu + on of A 
will take place. The equation describing the variation of 
+ [A ] , taking axial diffu on into account, is equation 
(3.19) derived earlier. To separate the variables in 
. this equation, the substitution lA+] = R (r) Z (z) made. 
After dividing through by DA v (r)RZ one obtains 
1 d (r dR ) _ k[ B J _ _1 dZ _ 1 ( 3 • 41 ) 
v(r)Rr dr dr DAv(r) DAZ v(r)Z 
The r-dependence of the last term is removed by replacing 
v(r) with~. Since the term d2Z/dz2 is small, the 
sub tution of ~ for v(r) should not lead to serious 
error. Equation (3.41) may then be separated to give 
~~(rdR) + (?~. 2 v(r)-k[B])R=0 (3.42) 
r dr dr . . DA 
and 
1 d 2Z 1 dZ 2 
v dz2 - DAdz -/1. Z = 0 (3.43) 
where f.. 2 is the separation constant. Substi tutinp; for v ( r) 
from (3.11) and putting p = r/a in (3.42) one obtains 
d ( dR ) ( 2 _ 2 2 k lB ] a 2 ) 
- p- + A 1NV8. ( b - p ) - · R P = l) 
d p d p DA 
This equation is exactly analogous to (3.24) solved earlier. 
Again, the dimension less term k l B] a2 /D A is typically less 
than 15, and its square may be ne,<':lected. By analogy with 
the solu on of ( 3. 24) , 
(1.2 :::: 1 t,l a2 + rk[B ]IDA J v-1 
{t;;la2 + rkQI11:DAa2v J v -1 (3.45) 
where t,and r are the eigenvalue components found earlier, 
and [B) has been replaced according to (3.20). 
The solution of (3.43) is 
+ 4A. 2DAlv 
1 
log (Z/Z ) = [1 - ( 1 ) 2) ( v/ 2D A) L (3.46) e o 
The expression to the 1 power is expanded using the 2 
binomial theorem, retaining only the first three terms. 
This does not lead to serious error since the dimension-
less term 4A. 2DA 21v is small, typically about 0.2. 
Substitutionfor A. 2from (3.45) enables the axial variation 
of reactant ion concentration to be written 
(
t, DA r kQ ) L 
log ((A +Jf[A +]) = - - 2 + 2_ -:-(1 - 8) (3.47) e 0 a 11:a v v 
where 0 = (A.21v)DA2 (3.48) 
The value of A. 2 and hence of 8 is dependent on both k and 
Q. In calculating 0, an approximate value of k is first 
determined from (3.40). This value of k, together with an 
2 
aver8ge value of Q, is used to calculate a value for A. 
from (3.45). An average value of 8 , denoted 8, is then 
calculated by substituting the value of A. 2 in ( 3. 48). The 
error introduced by these two approximations will be small 
since the term rkQ I 71: D A a 2 v in (3.45) is typic ly 
2 less than one-fifth of the term t;;la • 
Differen;tiatinr; (3.47) with respect to Q e;ives 
Equation (3.49) is the expression used to calculate 
rate constants in this work. Comparing (3.49) with (3.40), 
it con be seen that the effect of axial diffusion has been 
to multiply the rate constant k by a factor of (1/1-e). 
This typically produces an increase in k of between 4% 
and 8%. 
3. 3 CORRECTION FOR INLET EFFECTS. 
In the preceding treatment, it been assumed 
that the concentration of the neutral reactant is 
uniform at all points downstream of the reactant inlet 
jet. In practice, this does not occur for it takes some 
time for the neutral reactant to diffuse into the buffer 
Other effec occurring at the neutral reactant 
inlet jet are the disturbing of the reactant ion 
concentration profile by the inlet jet itself, and the 
presence of higher-order modes of diffu on of the 
reactant ion, although such modes are very rapidly 
attenuated by diffu on. 
An empirical correction is made for these inlet 
effects by replacing L, the distance from the neutral 
reactant inlet jet to the tip of the nose cone, with 
Leff , the effective reaction length. This effective 
reaction length is greater than the actual reaction 
length byan amount termed the "end correction." The 
end correction is ted to depend on the diffusion 
coef cient of the neutral reactant in the carrier 
Since the diffusion coefficients of a number of 
atmospheric gases in hydrogen or helium are similar, 
lying in the ranr;e 450-650 cm2 torr s- 1 , the end 
correction is expected to ·be fairly sensitive to the 
nature of the reac t cas for reactions of small 
molecules in a hydrogen or helium carrier cas.7° 
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However as diffusion coefficients are pressure-dependent, 
some variation of end correction with carrier gas pressure 
is expected. 
The following method was used in this work to determine 
the end correction. placing L in (3.49) with Leff and 
rearranging yields 
(3.50) 
The left-hand side of this equation is directly proportional 
to Leff, provided that the variation of e and v vrith reaction 
length is small. If the value of d log [A+]/dQ for a 
e 
specific reaction is measured at several different reaction 
lengths, a linear plot of d logelA+]/dQ vs. actual reaction 
length may be drawn. The intercept of this line with the 
reaction-length axis yields the effective reaction length 
and hence the end correction. 
In practice, this was done as follows. The reaction 
chosen was the fast proton transfer reaction 
+ + 
+ CO-+ HCO + H2 (3.51) 
A third neutral reactant inlet jet was added to the 
flow tube. The CO reactant was added into the hydrogen 
afterglow containing H 3 + as the dominant ion, through 
one of three identical inlet jets tuated at distances 
The ope of a 
and 98.6 em from the tip of the nose cone. 
plot of loge ln3+] vs. CO flow was determined 
for addition of CO through each of these in t jets, and 
' + 
a plot of d log l II 2 ] I dQ vs reaction length constructed. e :; 
From this plot, the value of the effective reaction length 
was obtained by extrapolation of the line to d log [ HJ/dQ::: 
e :; 
0. This procedure was carried out at a number of pressures 
in the range 0.2 - 0.6 torr. 
Unfortunately, the process of extrapolating a 
straight line through only three points, each subject to 
several percent error, is not very satisfactory, and 
produces a large uncertainty in the effective reaction 
length. The value of the end correction determined by 
this method is 6 + 6 em. This degree of accuracy was 
insufficient to reveal any systematic dependence of the 
end correction on carrier gas pressure. 
3. 4 C OHPUTER PROG RAi,i I ON /RA TE.S • 
Rate constants.were extracted from the raw experimental 
data by use of computer program ION/RATES. The program, 
listed in Appendix II, written in Fortran IV language 
and is executed on a Burroughs B6718 computer. 
Input data to the program comprises the character-
istics of the carrier flow (flow velocity, pressure in 
the reaction zone, and mean free path in the carrier gas), 
the reaction length (which includes an empirical end 
correction), the average value of the neutral reactru1t 
flow, the ambipolar diffusion coefficient of the reactant 
ion, and pairs of values of reactant ion signal,[A~, and 
the corresponding neutral reactant flow rate, Q. 
Ambipolar diffusion coefficients of the reactant ions 
are generally taken from references 69 and 167. Where 
experimental ·values are unavailable, a value of 900 cm2 torr 
-1 
s assumed for ambipolar diffusion in helium, and a 
2 -1 
value of 550 em torr s assumed for a mbipolar diffu on 
in hydro~en. In any case, the value of the corrected rate 
constant is not particularly sen tive to the value of the 
68. 
reactant ion diffusion coefficient. In a typical case, a 
variation of a factor of 2 in the diffusion coefficient of 
the reactant ion caused only a 7% variation in rate constant 
k. 
+ The program evaluates the slope of a plot of log [ A ] 
e 
vs. Q by a least-squares analysis of pairs of values of 
loge [A+] and Q. The eicenvalue components 6 and y are 
calculated from (3.33) and (3.34), and hence the genvalue 
components t:. and r are obtained by dividing 6 and y by 
w, dafined according to (3.12). The first approximation 
to the rate constant, termed rate 1, is readily calculated 
by application of (3.40). This first value of the rate 
constant, rate 1, together with the averae;e value of 
neutral reactant flow, BFLOW , is used to calculate the 
value of s from (3.48). Substitution for e in (3.49) 
then yields the corrected rate constant, termed rate 2. 
3· 5 ACCURACY OF &1\TE CONSTANT DATA. 
Errors can enter a rate constant determination from 
two sources, either from uncertainties in the experimental 
measurement of the carrier gas flow velocity and the value 
of d loge l A~ /dQ, or from the approximations made in the 
floW analysis. 
The uncertainty jn the measurement of the carrier e;as 
flow velocit~ is about , while the standard error in 
the least-squares value of d lot; l A+] /dQ is e;enerally 
e 
between 1% and 5%. Since the carrier cas flow velocity 
term appears as a square in the expression for the rate 
constant, the uncertainty in the rate constant due to 
these two sources of error is between 11% and 16%. In 
general, for a series of determinations of the rate 
constant for a specific reaction, individual values 
lie within about 12% of the mean. 
The accuracy of a rate constant is further limited 
by the possibility of there being systematic errors in 
the solution of the flow equation. Errors introduced by 
neglecting higher-order terms in g2 in the variational 
solution of the flow equations are small, provided that 
the condition laid down earlier, g2 ,:;; 15, is met. Hormally 
this condition is upheld for fast reactions. For values 
of g2 ~ 15 Stock 159 found that the errors in traduced 
into the eigenvalue components 6 and y are 0.4% and 1.5% 
respectively. More serious is the error involved in the 
end correction. The uncertainty of +6 em in the effective 
reaction length leads to an error of about 11% in the rate 
constant. 
In view of these factors, an absolute accuracy of no 
better than + 30% is claimed for rate constants measured 
in this work. The relative accuracy of the ra.te constants 
is better than :t 16% however. 
As a check on both the flow analysis and the 
cal:i.bration of the apparatus, the rate constant for the 
reaction of He+ :ions with N2 was measured. The averaee 
value of the rate constant obtained was 1.1 x 10-9 cm3 
molecule - 1 s · -l , in c;ood agreement with a value of 1 .2 x 1 o-9 
cm3molecule1s1 determined by Dunkin et a1. 68 in the 
flowinr; afterc;low, u c: numerical 111ethods to solve the 
flow equation. A value of (1.0, + 0.3, - 0.2) x 10-9 em 3 
molecule-1 s- 1 has been obtained usinc a drift tube-mass 
70 • 
168 -9 3 ctrometer, and a value of 1.1~5 x 10 em 
molecule- 1 s-1 determined by the stationary afterslow 
51 method. 
+ REACTIONS OF H3 
MOLECULES. 
CHAPTER 4 
IONS WITH CYANIDE-CONTAINING NEUTRAL 
4.1 INTRODUCTION. 
71. 
In this chapter, measurements of the rates of reaction 
of H + ions with the neutral molecules HCN, CH7CN, ClCN, 3 J 
BrCN, ICN and c2N2 are reported. The study was undertaken 
with a view to comparinG the experimentally-determined 
rate constants with those predicted by the various capture-
rate theories, particularly the ADO theory. 131 
To compare measured reaction-rate constants with 
calculated capture-rate constants, it is essential that 
the percentage of capture collisions leading to reaction 
be known. Ideally, this percentage will be 100% i.e., 
the reaction efficiency will be unity. ~his is generally 
the case with proton-transfer reactions, which do not 
usually have activation enerey barriers which decrease 
reaction efficiency. Also, since proton-transfer reactions 
require transfer of a particle which is heavy compared with 
the electron, they are unlikely to proceed at a rate Greater 
than the capture rate, a.s can sometimes occur for charce 
transfer reactions proceedinc; by an electron jump mechanism. 
For these reasons, H3 + was chosen as the reactant ion. 
Hydroc;en has a relatively low proton affinity, and thus 
H
3
+ readily UI).dergoes proton transfer to many neutral 
species. The low mass of H3+ also ensures that the reduced 
mass of the ion-dipole pair varies only slic;htly for the 
range of neutral reactants studied. 
72. 
Several comparisons have been made between 
experimentally-determined rate constants and those 
predicted by the ADO theory.56 ,l34,l3B In particular, 
Sc and Bohme 56 have found that,for proton transfer 
between ions of the type XH+ and the neutral species 
NH and HCN, the experimentally-determined rate constants 3 
exceed the predictions of the ADO ry by up to 4~s.Both 
and HCrJ have permanent dipole moments of 1. L~7 D 
and 2.95 D respectively. 169 This re t prompted the 
present study, in which all the neutral reactants, with 
the exception of C , have larc;e permanent dipole moments. 
These dipole momen are listed in table 4.1, along with 
.the values of the average molecular polarizability, a , 
and the maximum component of the polarizability tensor, 
amax • Although c2N2 does not possess a permanent dipole 
moment, it does have a quadrupole moment of - 9.0 x 10-26 
2 170 e.s.u. em • 
TABLE Lr• 1 
DIPOLE i··10HENTS AND POLARIZABILITIES OF SOME CYANIDE- CONTAINING 
t-10LECUL"SS. 
Holecule 
HCN 
CH3CH 
ClCN 
BrCN 
ICN 
c 
169 f-LD ,Debye 
2.95 
3·97 
2.80 
2. 9Lr 
3.71 
o. 
25.9 
4L~. 8 172 
41 . 63 a 
lr9·86 a 
63. 17 a 
171 50. 1 
n. 173 Values of Lippincott et al., . c 
6-potential function model. 
39. 2 171 
6 171 77. 
ulnted usinc; the 
b. Calculated by addinc individual bond polarizabilit 
See reference 174. 
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L1-.2 EXPEIUHEN'rAL DErrAILS Al\fD RESULTS. 
The reactions were carried out in a hydrogen carrier 
gas. Electron impact on hydrogen results in formation of 
H2+ ions having a Franck-Condon distribution of vibrational 
· Th II + · th t t ve H3+ 1"n the energ1es. ese 2 1ons en reac ,o 
reaction 
+ H + 
2 + H2 -+ H3 + H ( 4· 1) 
which has a rate coefficient k 
·-
2. 1 
molecule-ls- 1• 13 
+ The H3 ions formed in reaction (4.1) are highly 
excited, due to both the initial vibrational excitation 
of the H2+ ions and the exothermicity of reaction (4.1)~ 
Several workers 175-l79 have reported evidence for the 
presence of excited H3+, namely that the nature of the 
products of reaction of H3+ is dependent on the background 
+ gas pressure. The H3 ions are de=excited by collisions 
with H2 molecules, the rate constant for this process 
-1 0 3 -1 -1 180 . being 2.7 x 10 em molecule s • In the 
flowing afterglow, the flow time between the electron gun 
and the neutra.l reactant inlet is several milliseconds, a 
period sufficiently long for all the H3+ to be de-excited 
to the ground state. 
The hydrogen afterglow contains other ions in addition 
to H3 +. Small amounts of H5 + ar·e formed in the three-
body reaction 
H + 
3 + 
-+ H + 
5 + 
In addition, some impurity ions are also present, the 
predominant ions being n3o+ and N2H+ , formed chiefly by 
100 
h 
0 
H 
1------------~----------~------------~----~ 2. 4. 6. 
ffCN flow x 1 o-1 b (molecules s -1 ) 
l"IGURZ 4.1 Ion currP.nts vs. 11CN flow rate for the 
reaction of n3 + with HCN. 
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+ proton transfer from H3 to H20 and N2 impurities in the 
carrier gas. The magnitude of such impur:tty signals is 
always at least a factor of ten smaller thru1 that of the 
H3+ ion signal before the neutral reactant is added. 
Addition of the gaseous neutral reactants HCN, c2N2 , 
and ClCN was straightforward. The vapour pressures of 
CH3CN (liquid), BrCN (solid) ru1d ICN (solid) are so low 
at 300K that it was necessary to dilute them with helium 
in order to acqieve steady flow rates. This procedure 
has been outlined in chapter 2.1.3. The addition of 
ICN posed further problems. Since the vapour pressure 
of IGN at 300 K is only 1 • 1 torr, 181 very low concen trat-
ions of ICN in helium had to be used. At these low 
concentrations, the effect of impurities released from 
the walls of the gas-handling line becomes ser:Lous. Also, 
there was a tendency for ICN to condense out as the gas 
mixture passed through the needle valve. This problem 
was reduced by heating the needle valve. Because of these 
factors, the rate constant for the ICN reaction 
reliable to ~dthin a factor of two only. 
probably 
Addition of the neutral reactant XCN to the afterglow 
containing H3+ as the dominant ion results in a decrease in 
the H3+ signal and a concomitant increase in the lf'A:CN+ signal 
due to the proton-transfer reaction 
H3 + + XCN ~ HXCN+ + H2 (4.3) 
Typical data is shown in figure 4.1 for the reaction 
H3+ + HCN -> H2CN+ + . H2 (l~.l+) 
+ The large discrepancy between the initial H3 ion signa1 
and the final H2mt ion sic,nal is chiefly due to ma.ss 
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discr:tminat:ion :i.n the ion sampling <md detection systems. 
At higher flows of HCN than are shovm in figure L~. 1 , the 
H2CN+ signal slowly declines as H2CN+ is removed in the 
three-body clustering reaction. 
H2CN+ + HCN + H2 ~ H2CN+ .HCN . + H2 (L~.5) 
For all the reactions studied, the proton-transfer 
reaction (LI-.3) was the sole reaction channel observed. 
The semi-logarithmic decline of the n3+ ion signal With 
increasing XCN flow was observed to be linear over at 
least two-and-a-half decades in all cases. 
The average values of the rate constants measured 
in this work, k t are listed in the first column of exp ., 
table Lf-. 2. Only one of these rate conste.nts appears to 
have been measured previously. Using the ICR method, 
Huntress et al. 182 have obtained a rate constant for 
9 3 -1 -1 reaction (4.4) of 8.0 x 10- em molecule s , in 
satisfactory agreement with the value of 7.0 x 10-9 
cm3 molecule-ls- 1 measured in the present work. 
4·3 CONPARISON OF EXPERIMENTAL AND THEORETICAL RATE 
CONSTANTS. 
Capture rate constants for the reactions studied here 
have been calculated using the various classical theories 
of ion-molecule reactions described in chapter 1. These 
values are presented :i.n table 4.2. The rate constants 
listed have been calculated using the Langevin Theory (1):1 ), 
the locked-dipole theory (k1D) , the ADO theory,cose model' 
using an average Vfl.lue for the polarizabili ty of the 
neutral molecule (kADO ), and the ADO theory using 
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the value of the maximum component of the polarizabili ty 
tensor (1~DO ) • The final column of table 4.2 lists 
values of the ratio k ~ expt 1 ADO • 
TABLE. lt·• 2 
RATE CONSTANTS a FOR PROTON TRANSFER FROM H3+ TO XCN AT 300K 
XCN k kL kLD kADO ~DO ~ .PX!lt/k AQ.Q _ expt .. 
-
HCN ?.0 2.29 HL72 6.42 6.95 1.09 
CH3CN 7·3 2.95 24.67 8.45 8. 8L~ 0.86 
ClCN 6.4 2.81 17.96 6.36 7.13 ' 1. 01 
BrCN 4·2 3.05 18~79 6.69 ?.54 0.63 
ICN 1-r. 2 3.42 23.20 8.15 0.52 
C2N2 3·7 3·1 0 
a All rate constants are in units of 10-9 cm3 molecule·~ls- 1 • 
From table 4.2 it can be seen that, for all the 
polar molecules, the experimen tally-determ.ined rate constant'S 
are greater than the La.ngevin rate constcmts, but sub-
stantially smaller than the locked-dlpole limit. Thus the 
permanent dipole does contribute to the long-range ion-
molecule attraction, but the thermal rotational energy of 
the dipolar molecule is sufficient to prevent complete 
alignment of the dipole in the electric field of the ion. 
The agreement between kexpt and l~ADO for the reactions 
of H3 + with HCN, CH3CN, and ClCN is quite good, within the 
relative accuracy of the measured rate constants. The 
difference between the ADO rate constants calculated using 
the average polarizability and those calculated using the 
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maximum component of the polarizability t<-msor is small, 
less than the relat:L ve e.ccuracy of rate constants measured 
in the flovrtng afterglow. 
Schiff and Bohme56 have observed that, for proton 
transfer from ·various ions of the type AH+ to the neutral 
molecule HCN, the exper:lmentally-determined rate constants 
exceed those predicted by the ADO theory by up to 4~b. 
This observation is not supported by the results obtained 
+ in this work for proton ,transfer from H3 to ·the highly polar 
neutral molecules HCN, CH3CN, and C 1CN.. r.ehere is no apparent 
trend for the ratio kexpt./kADO to increase as the dipole 
moment of the neutral molecule increases in the series of 
reactions studied. 
+ The measured rB.t es of reaction of H3 with BrCN and 
ICN are significantly less than those predicted by the ADO 
theory. It should be remembered, however, that the measured 
rate constant for the ICN reaction is probably reliable to 
within a factor of two only.. This uncertainty is sufficient 
to account for the observed deviation from the prediction 
of the ADO theory.. The rate constant for the BrCN reaction, 
hovvever, is expected to have an absolute accuracy of± 30%, 
and a relative accuracy of about± 15%. 
There are three possible reasons for the discrepancy 
between the measured and theoretical rate constants. These 
are: an unaccounted-for systematic error in the measured rate 
constant, too high a theoretical rate constant, or a reaction 
efficiency less than unity. 
Condensation of the neutral reactant in the gas--handling 
line would tend to systematically lower the measured rate 
?8. 
constant. However rate constants have been measured 
using a number of different mixtures of BrCN in helium 
which cover a range of partial pressures of BrCN that 
are all well below the saturated vapour pressure of 
BrCN at room temperature. The obRerved rate constant 
shows no dependence on either the partial pressure of 
BrCN or the length of time elapsed since making up the 
mixture. It is unlikely therefom that condensation ot 
BrCN is a problem. 
It also seems unlikely that the rate constant given 
by the ADO theory is too great. The important parameters 
in determining the extent of locking-in of the dipole 
·with the incoming ion are the dipole moment and polariz-
ability of the neutral molecule. The dipole moment of 
BrCN is very close to that of HCN, while both the dipole 
moment and the polarizability of BrCN are not very 
different from those of C lCN. The measured rates of 
+ reaction of n3 with HCN and ClCN are in close accord 
with the pre die tj.ons of the ADO theory. 
The size of the neutral molecule another factor 
wh:i.ch might be eXJJected to cause deviations :from the ADO 
theory, since the theory treats both the ion and the neutral 
molecule as point particles. P~l Sue and Bowers:;!- have 
investigated the effect of the size of the neijtral molecule 
+ on the rate of reaction for proton transfer from cn5 to a 
series of alkyl chlorides. Even for the largest molecule 
studied, t-c3n 11 c1, the measured rate was in good agreement 
with that predicted by the ADO theory. The larger size of 
the BrCN molecule, compa:ced with say ClCN, is unlikely 
therefore to introduce error into the calculated ADO rate 
constants. 
The third possible reason for the dincrepancy between 
experiment and theory is a reaction efficiency less than 
unity. Although the great majority of proton-transfer 
reactions proceed on almost every collision, some have 
been -observed to be less efficient. In particular, Solka 
and Harrison183 report that for proton transfer from 
+ CH3sH2 to a variety of neutral substrates, the reaction · 
efficiency drops sharply at low exothermicities (less than 
about 60 kJ m~l- 1 ). Betowski et al. 184 have observed the 
same trend for proton-transfer reactions invo1ving the 
neutral molecule H20. The model invoked by both groups 
to explain this trend i.s as follows. The proton transfer 
reaction 
XH+ + + X 
is assumed to proceed via a proton-bound intermediate of 
+ the type X ••• H ••• Y. This intermediate may undergo 
unimolecular decay to products, the proton associating 
withY, or decay back to reactants, the proton remaining 
associated with X. Decay into the product ehannel :ts 
increasingly favoured over decay back to reactants as 
the exothermicity of the proton transfer increases. 
Dependence of reaction efficiency on exothermicity io 
apparently fairly rare however. Schiff and Bohme56 were 
not able to detect any trends in reaction efficiency with 
exothermicity in the series of proton-transfer reactions 
examined by them. Unfortunately, the exothermicity of 
the reaction of H3+ with BrCN is not lmmv-.n. 
The molecule C j'T 2 does not possess a permanent 
dipole moment. It does have a quadrupole moment though, 
and this con tributes to the long·~ran.e;o :i.on-molecule 
attraction. The average quadrupole 
gives a .rate constant kAQO of 3.24 x 
+ for the reaction of n3 with c2N2 at 
80. 
orientation theory 
-9 3 -1 -1 10 em molecule s 
300K. This is only 
slightly greater them the value of the Langevin rate 
-9 3 1 1 -1 -1 ) d . d . constant (3.10 x 10 em mo ecu e s , an :1.n :1.cates 
that the ion-quadrupole attraction is small compared with 
the ion-induced dipole attraction. The value of the ratio 
kexpt./kAQO is. 1.14. Agreement between theory cmd 
experiment is thus within the relative accuracy of the 
experimental measurement. If the average polarizability 
is replaced by the maximum component of the pole.rizabili ty 
tensor in calculating the LeJJ.gevin rate constant, a value 
of 3.86 x 10-9 cm3 molecule-ls- 1 is obtained. In this 
case the agreement between theory and experiment is better -
kexpt./k theoretical = 0 ·96 • However, the accuracy of 
the measured rate constant is such that a clear 
preference for either model cannot be made. 
In summary, then, the ADO theory adequately accounts 
for the measured rates of reaction for the neutral mole-
cules HCN, GH3CN, and ClCN. Agreement between theory and 
experim~nt not so good for the reactions of BrCN and 
ICN, but it seems possible that a low reaction efficiency, 
rather than error in the ADO rate constants, is responsible 
for this discrepancy. The AQO theory correctly predicts 
the rate of reaction of H3+ ·with c2N2 , within the accuracy 
of the measured rate constant. 
100 
1~------------L-------------i-------~ 0.5 1.0 
H 2 8 fl ow x 1 0 -1 7 ( rn o 1 e cu 1 e s s -1 ) 
FIGURE 5.1 Ion currents vs. rr 2s flow for the 
reaction of H3 +with H2S. 
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RJ~ACTIONS RELA'rED rpo SULPHUr? CHEHIS'I'RY IN IWrE1~S11ELLAR 
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5.1 wrrrH H-.,s. 
L. 
The reactant Jon H3 
+ is established the dominant as 
ion in a hydrogen afterglow due to the fast reGJ.c tion 
H2 
+ 
H2 -> H-z 
+ + H ( 5. 1 '\ + 
:J 
As discussed in chapter 4, it is expected that, in the 
+ flowing afterglow, the H3 formed by reaction (5.1) 
will be completely de-excited by collisions to the ground 
state before the neutral reactant is added. Addition of 
H2S to the hydrogen afterglow causes a decrease in the 
H3+ i.on signal and an increase in the ion signals at 
m/e = 35 and 37, corresponding to formation of H3s+ in 
the reaction 
H + 
3 
+ H S -> 2 + (5.2a) 
Data for a typical run is shown in figu·re 5. 1 •. Also 
+ shovm is the decrease in the H3o impurity ion signal, 
due to the reaction 
+ II (' -> H s+ 
"2,:) 3 + (5.3) 
The measured rate constant for reaction (5.2a) is 
3.4 x 10~9 cm3 molecule- 1s- 1• 
' + The reaction between H
3 
and H2s has been studied 
using ICR spectroscopy. 180 By varying the b~ckground gas 
pressure, the reaction was able to be studied as a function 
of the degree of excitation of H3+ • 
+ For ground state H2 , 
:J 
the proton transfer reaction (5.2a) was the sole reaction 
channel observed. + For excited rr3 , however, the additional 
reaction channels 
H + + 
3 + H2 + H 
+ 2H 2 
82. 
(5.2b) 
(5.2c) 
were observed. The rate c onsta.'1 t for the overall reaction 
(5.2) was found by ICR spectroscopy to be 3·7 x 10-9 
cm3 molecule- 1s- 1 , independent of the degree of excitation 
+ of H3 • 
+ The reactant ion HCO is produced by adding CO to the 
hydrogen afterglow. The reaction taking place is 
H3+ + CO -4 HCO+ + H2 (5.L~) 
The rate constant for reaction (5.4) is 1.4 x 10-9cm3 
molecule- 1s- 1 • 18 5 There is a small ion signal at m/e = 29, 
due to an N2H+ impurity, present before CO is added. Addition 
of CO should convert all the N2H+ ions to HCO+ ions, since 
the reaction (5.5) 
+ CO -> HCO+ + (5.5) 
is expected to be rapid as the proton affinity of CO is 
greater than that of N2 • 
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Addition of H 2s to the afterglow containing HCO+ as 
the dominant ion causes a decrease in the nco+ ion signal, 
+ ond the appearance o~ ion signals due to H3s . The semi-
logarithmic decline of HCO+ is ljnear for over two decades. 
The reaction taking place is 
HCO+ + H2S -4 H S+ + CO (5.6) 3 
The rate constant for reaction (5.6) has been found to be 
1.4 x 10-9cm3 molecule- 1s- 1• 
5·3 S+, + + SO , AND so2 
rrl 1- t . c+ + + are formed by 18 reac van . ].0118 1-) ' so ' and so2 
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1. 
Ion currents vs. H2S flow for the 
reaction of' S + and so+ with H2S. 
so+ 
+ 
adding so2 into a helium afterglow. Reaction of He 
ions and He (23S) metastable atoms with so2 gives SO+ 
as the dominant ion, together with smaller amounts of 
so+ and s+. 
2 
All three reactant ions are rapidly removed by 
reaction w::Lth added H S. The measured rate constants 
2 
for removal of S+ and SO+ are 8. 3 :x 10-10 cm3 molecule~· 1 s- 1 
and 9.4 x 10-10cm3molecule- 1s-l respectively. Data :(:pr 
a.typical run is shovm in figure 5.2. 
The ion signal at m/e = 64 is due to two different 
ionic species. In the absence of added H2S, so2+ is the 
only contributing ion. At high flows of H2S however, the 
SO + is almost completely removed by reaction with H2s and 2 
+ the m/e = 64 signal is due to the s2 product ion. 
Identification of the ion at m/e = 64 at high H2s flows as 
s2+ was made by examining the m/e = 66 ion signal due to the 
3~-s isotope of sulphur. The height of the m/ e = 66 peak was 
found to be about 9% of that of the m/ e = 6L~ peak, the 
natural abundance of the 3~-s isotope being 4·4% of that of 
the 32s isotope. The appearance of an s2+ product ion at 
·'· the same mass as the so2 ' reactant ion precludes measurement 
of the rate of reaction of so2+ with H2S under the conditions 
in this worh::. 
+ + In addition to s2 , the H2S ion is produced by reaction 
+ + + of S , SO , and S02 with H2S. 'rhis ion undergoes further 
reaction vii th H2S: 
+ + HS (5.7) 
+ The relationship between the reactant ions S , 
+ + + 
and so2 , and the product ions s2 and H2S , has been 
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Ion currents vs. H2S :flow :for the 
reaction of s+ and so+ with H2S. 
A small amount of srgon has been 
added to the helium carrier s. 
determined in the following manner. Addition of a few 
percent of argon to the helium carrier gas upstream of 
the electron gun causes a change in the relative amounts 
+ + + 
of s ' so ' and so2 formed when so2 is added to the 
afterglow. Figure 5.3 shows the data for a typical run 
in which argon has been added. ( The secondary ion signal 
+ H2S has been omitted). By comparison with figure 5.2, 
it can be seen that the effect of the added argon is tg 
.if"5 
decrease the initial so+ ion signal relative to the s+ 
+ and. so2 gnals. Since the effect of added argon on 
'Z 
the helium plasma is to convert He(2JS) metastable atoms 
+ in the afterglow to Ar ions by the fast Penning reaction 
He ( 23 S) + Ar _, Ar + + He , ( 5. 8) 
+ + + the variation in the relative amounts of S , SO ru1d so2 
formed with differing amounts of argon added to the helium 
carrier presumably reflects the different branching ratios 
for reaction of He(23S) and Ar+ "vith so2 • Reactant ion-
product ion relationships are identified by examining 
reactant-product ratios. For a specific reaction, the 
ratio of the final product ion gnal to the initial 
reactant ion signal depends on the mass discrimination 
of the ion sampling and detecting system, and on the 
difference in the diffusive loss rates of the two types 
of ion. Provided that these two factors are kept almost 
const<:mt, the product ion-reactant ion ratio is independ-
ent of the initial value of the reactant ion signal. In 
the reactions studied here, all possible ratios of the 
final product ion signals, (H3s+)f ru1d (s2+)f' to 
combinations of initial reactant ion signals (S+)
0
, 
+ + (SO ) 0 , and (S02 ) 0 , were calculated for a number of 
different initial relative concentrations of the three 
reactant ions. Only two of these ratios did not show 
wide variation as the initial reactant ion relative 
concentrations were varied. The two ratios were 
+ + + ~ + + (H3S )f/ { (S ) 0 + (S02 ) 0 } and (S2 )f/(SO ) 0 o 
these observations it is inferred that the s2+ 
:Ls formed mainly from the SO+ ion, while H2 S+, :; 
+ + + H2S , is produced by reactions of S and .so2 : 
S+ + H2S ~ H2S+ + S 
+ ~ + S02 + H2s H2S + so2 
From 
product 
and hence 
(5.9) 
(5.10) 
However the possibility of formation of small amounts of 
+ + d o + I + so+ l'n • s2 from S an S 2 , and or H2S from nnnor 
reaction channels cannot be excluded. 
The only possible exothermic reaction producing s2+ 
from SO+ and H2S is 
so+ + H S ~ s + 2 2 + 
The observed rate constant for reaction of SO+ w:Lth H2S 
is 9·4 x 10-10 cm3 molecule- 1s- 1• Comparing this rate with 
a value of 1.3 x 10-9 cm3 molecule- 1s- 1 calculated using 
the ADO theory, it can be seen that the reaction proceeds 
with high efficiency ( V' 75%) even though it involves 
considerable bond rearrangement. The extent of heavy-
particle rearrangement may, however, be small :Lf the ion-
molecule pair achieve the relative orientation shovm below 
during the collision. 
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The observed charge-transfer reaction of S+ with 
n2s is interesting. Taking the ionization potentials of 
186 187 188 . S and H2s to be 10.356 eV a11d 10.~.2 eV ' respectlve-
ly, the reaction is endothermic by 6.1 kJ mol- 1 for the 
ground-state reactants. The maximum reaction rate constant 
kr is given by an Arrehrius-type expression 
= 1 e -b.E/RT kr Kc (5.12) 
where kc is the rate constant for capture collisions ,.,and 
~E the endoth~rmicity of reaction. Using a value of 
-9 3 -1 -1 1.41 x 10 em molecule s given by the ADO theory for 
kc' the maximum reaction rate constant at 300K given by 
(5.12) is 1.2 x 10-10cm3 molecule-ls- 1• This value is 
significantly smaller than the measured value of 8.3 x 1o-10 
3 -1 -1 em molecule s • One possible reason for this enha11ced 
reaction rate is the presence in the afterglow of long-
lived excited states of the S+ ion. 
+ The low-lying excited states of the S ion, and their 
· t t' · , the S+(~·s) ground t ~,.. exc1 .a 10n energ1es aoove s .m,e are 
2 
D3/2 '177·7 kJ mol-l 
2 
D5/2 178.0 n II 
2 p 293 .. 4 II 
1/2 
II 
2 
p3/2 291+.0 tt It 
If the heats of formation of ground~sta.te ionic and neutral 
species listed in reference 187 are adopted,the reaction 
+ He + + 20 
-1 is exothermic by 297 kJ mol • 
+ He 
'l1hus both the 2D and 2P 
states of S+ are energetically accessible in reaction (5.13). 
Furthermore, transitions from these two states to the 
Lt ~-
s3/2 ground state of the S ion are spin-forbidden, ru1d 
thus the excited states might be expected to be long-lived. 
The reactions of S+ ions with H2S have been studied in 
the mass spec troweter ion source by Ruslw and Franklin, 189 
and by Harrison, 19° and have also been studied usj_ng the 
ICR method by Huntress and Pinizzotto. 191 In all cases 
the S + reactant ions were produced by e lee tron impact~· on 
Y""' 
+ H2~. The overall e constants for removal of S by 
n2s found by these three groups are 1.15 x 10-9, 7.6 x 
10-10 , Emd 5.3 x 10-10cm3 molecule- 1s- 1 respectively. 
Harrison, and Huntress and Pinizzotto, have found that 
+ + the main products of reaction are n2s and s2 , formed in 
approximately equal amounts. In addition, Huntress and 
Pinizzotto have found that ns2+ is formed as a minor 
reaction product ('"""" 12%). Harrison pointed out that 
measured by Ruska and Franklin is probably due to 
contribution from excited S+ ions. Harrison has also 
+ attributed the observed curvature in his decays of S 
concentration with time to the presence of excited S+ 
ions.. Huntress and Pinizzotto, however, claim that, in 
their experiment, any excited S+ ions will have decayed 
to the ground state before reactionw 
In order + to investigate further the reaction of S 
reaction of He+ with H2S has been examined. 
Electron j_mpact in a helium carrier gas produces He+ 
~ 1 
ions and He ( 2-'s) and He ( 2 S) metastable atoms. rrhe 21 S 
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FIGURE 5.4 Ion currents vs. H2S flow for the 
reFJction of He+ and He( 23s) with 
88. 
metastables are rapidly de-excited to the 238 state by 
superelastic collisions with electrons. 27 Typical data 
for tho reaction sequence beginning with the reaction of 
He+ and He (238) with H28 is shown in figure 5.4. No 
attempt has been made to distinguish betwe.en the products 
of reaction of He+ and He (238) with H28, although the 
most likely reaction channel for the He (238) is the 
Penning ionization. 
He (238) .+ H28 ~ H 8+ 2 + He + e (5.14) 
The initial products of the reaction of He+ and 
He (238) with H28 
+ 
are 8 , H8+, + and H28 o All three ions 
undergo secondary reactions with H2s leading ultimately to 
H38+ which becomes the dominant product ion at high flows 
+ 
of n2s. In addition, small amounts of s2 , not shown :i.n 
figure 5. L~-, are found. At the highest flows of H2s sho·wn 
+ in figure 5.4, the size of the 82 peak is about C){; of 
+ that of the H3s peak9 
The rate constant for the overall reaction of He+ 
with 9 3 -1 -1 H28 is 3.0 x 10- em molecule s • Of more interest 
is the rate constant· for the secondary reaction of 8+ with 
+ n2s, which may be determined from that part of the S 
curve wh;ich shows a linear decline, provided that the rate 
+ 
of production of S in this region is small compared to 
its rate of removal. If the production rate of S+ is 
c omparc..bl.e with its loss rate, the rate constant determined 
from the linear portion of the s+ decline is properly 
regarded as a lower limit. From figure 5.4 it can be seen 
+ that the slope of the He decline is much greater than that 
of the 8+ decline. Since the S+ production rate is proport-
ional to[He+], while the S+ loss rate is proportional to 
+ + l S J , the S production rate decreases much faster than 
the S+ loss rate as the H2S flow increases. By choosing 
a sufficiently high flow of H2s then, it is possible to 
ensure that the S+ production rate is negligible. The 
same considerations apply to the rates of the reactions 
of HS+ and H2S+ with H2s. 
s+ + Hi3 
The linear portion of the S+ decline corresponds to 
'' f 10-10 3 a·rate constant or its removal by n2s of 7.3 x em 
molecule-ls- 1. The only exothermic a reaction possible 
between ground-state s+ and H2S is 
s+ + H S ·-> s + + Hz 2 2 
The other possible reaction channels, 
+ H S H s+ s s + -) + 2 2 
s+ + H2S -> 
HS+ + HS 
6 =1 8 ~1 are endothermic by .1 kJ mol and 3 kJ mol 
(5.15a) 
(5.15b) 
( 5. 15c) 
respectively. 
+ The small size of the s 2 
a major reaction channelo 
peak indicates that (5.15a) is not 
+ Although an HS peak is observed, 
+ it is probably a primary product of the reaction of He with 
H2s, rather than the product of the secondary reaction 
(5.15c), since no HS+ was observed in the r~action of H2S 
with S+ produced from so2 • The charge-transfer reaction 
(5.15b) is thus the major reaction channel. 
A lower limit of 80% of the overall :reaction can be 
placed on reaction channel (5.15b) because of the following 
observations. The primary products of the reaction of He+ 
a. Except where otherwise stated, heats of reaction have 
been calculated usinc heats of formation listed in 
re ferene e 187. 
90. 
3 + + + and He ( 2 S), namely S , HS , and H2S , all undergo 
further reaction with H2S, and are converted almost 
+ at high flows of H2s. At low entirely to H3s 
H2S flow ( 'v-- 3 X 
1016 -1) where the molecules s , 
extent of secondary reactions is small, the + HS+ s ' 
' 
and H s+ 2 signals are approximately equal. Thus about 
30% of the final H s+ 3 signal arises from reactions of 
+ Since at high H2S flows the 
s + signal is only s . 2 
2!}6 0 f + signal, and the discrimination about the H3s mass 
between m/e = 64 and peaks in the 32 - 35 mass range is 
no greater than a factor of three, reaction channel 
(5.15a) comprises less than 2Cf;G of the total reaction. 
The rate constant for reaction (5.15b) must then be at 
least 80% of the overall rate constant i.e., 5.8 x 10-10 
~ k 5 . 15b~ 7•3 x 10-10 cm3 molecule-ls- 1• As discussed 
in section 5.3, ·this :is significantly greater than is 
expected for a reaction which is endothermic by 6.1 
. -1 
kJ mol • 
It is postulated that the anomalously high re.te 
constant ~. 15b is due to the presence of excited S+ 
ions. As the reaction 
He+ + H2S -+ 
s+ + 2H + He (5.16) 
is exothermic by 636 kJ mol- 1, both the 2D and 2P excited 
states of + S are energetically accessible in reaction 
(5.16 ). 
The HS4,+ ion was not observed in this work. Failure 
L. 
to detect it places an upper limit of 1% on the reaction 
channel observed by Huntress and Pinizzotto 19 1 
S + + H 2s -)- HS 2 + + H ( 5 . 1 5d) 
91. 
The product distribution observed in this work (5.15a~ 
20X, 5. 15b ~ 80%, and 5. 15d < 1%) differs considerably 
from that observed by Harrison 190 (5 .15a"" LJ-0-45% of 
totalS+ reaction), and by Huntress and Pinizzotto191 
(5.15a = 48%, 5.15b = 40%, 5.15d = 1~/o)~ This 
discrepancy may be another consequence of the presence 
of excited S+. A variation in the amount of excited 
S+ present would be expected to lead to a variation 
+ in the distribution of producto of the S + H2s reaction. 
+ The possibility that excited states of S may be 
present during reaction in the flowing afterglow has 
important implications for the measurement of the 
·atmospherically-important reaction of S+ with o2 • 
This will be discussed further in chapter seven. 
HS+ + H
2
S 
The linear portion of the HS+ decline corresponds 
to a rate constant for removal of HS+ by rr2s of 6.6 x 10-
10 
cm3 molecule-ls- 1• 
Probable reaction channels are 
HS + + H S --+ H S + + HS ( 5" 17 a) 2 2 
--+ H S + + S ( 5 • 1 7b) 3 
8 -1 1-1 which are exothermic ·by kJ mol and· 111 kJ mo 
respectively. 
The reaction (5.17) has been studied by other groups. 
Huntress and Pinizzotto19'1 have obtained a value of 
7.8 x 10-lO cm3 molecule- 1s- 1 for the overall rate constant 
+ for removal of HS by H2s, by the ICR method. 
The two reaction channels 
HS+ + ~r S ~ HS + + f2 2 
~ H S + + 
2 2 
92. 
(5.17c) 
(5.17d) 
were observed in addition to (5.17a) and (5.17b) above. 
The branchj.ng ratio was 5.17a = 5536, 5.17b = 35%, 
5. 17c = and 5· 17d Harrison 19° has measured 
9 3 -1 -1 a value of 1 .22 x 1~ em molecule s for the overall 
rate constant for reaction (5.17), using the technique of 
ion-trapping in a mass spectrometer ion source. Only 
three reaction channels were identified, 5.17b = 74~6, 
5.17c = 21%, and 5.17d = 5%. Gupta et a1. 123 have 
measured the rate constant for (5.17b) only, obtaining a 
value of 9 x 10-10 cm3 molecule- 1s- 1• 
. + In the present work, the reaction products Hs2 and 
+ n2s2 were not observed. Failure to observe these ions 
enables an upper limit of the total reaction (5.17) 
to be placed on reaction channels (5.17c) and (5.17d). 
The wide variation in reported values of both the 
overall reaction rate constant and the product distribution 
of reaction (5.17) could be a consequence of the presence 
of varying amounts of excited HS+. 
H S+ + H S 2 2 
Any H s+ 2 formed in the above reactions is removed in 
the reaction 
+ H S ~ C'+ HS (5 .. 7a) H2S + H'Z,=> + 2 ::; 
The rate constant for reaction (5.7a) measured in this work, 
10 3 -1 -1 5.8 x 10- em molecule s , lies at the lower end of the 
range of values measured by other worh:ers. These values 
100 
> 
>-; 
C'~ 
f'-< 
~10 
p 
H 
C\l 
1. 
NH
3 
flow x .1 o-1 7 (molecules s -1 ) 
PIGURE 5.5 Ion currents vs. 1m3 flow :for the reaction 
+ + o:f s r=md 80 with rm3. 
93· 
(in cm3 molecule- 1s-1) are 7.7 x 10-10 , 123 9.2 x 10-10 189 
7. 2 x 1 o-1 0 190 , 5. 9 x 1 o-1 0 191', and 5. 8 x 1 o-1 0 • 192 
Huntress and Pinizzotto 19° also observed that a small 
fraction ( ..... 1. 5%) of the total reaction proceeds via 
reaction (5.7b): 
+ (5.7b) 
If reaction (5.7b) occurs to the same extent in the flo,rlng 
+ afterglow the amount of H2s2 thus produced would be below 
the level of detection. It has been suggested 191 that the 
vnde variation of rate constru1ts for reaction (5.7) may be 
due to the presence of excited H2s+. 
WITH NH7-. 
J 
The reactant ions S+ ru1d SO+ were formed as before, by 
addition of so2 into the helium afterglow. Both the S+ 
and SO+ ion signals are reduced by the addition of NH3 ; data 
for a typical run shovm in figure 5. 5. The product 
.).. 
initially formed is N'"H3 ', produced in the charge-transfer 
reactions 
s+ + NH3 
-+ NH + + s 3 (5.18) 
+ so. + NH3 
-+ NH3 
+ + so (5.19) 
The rate constants measured for reactions (5.18) and (5.19) 
-9 3 -1 -1 -9 3 -1 are 1.4 x 10 em molecule s and 1.3 x 10 em molecule 
s-1 respectively. 
The NH + 3 
reaction \Vi th 
NH + + 3 
produced by charge transfer undergoes further 
added ammonia: 
NH -+ NH + 3 l!- + NH2 
91}. 
The linear portion of the NH3+ decline corresponds to a 
rate constant for (5.20) of 1.1 x 10-9 cm3 molecule- 1 s-1. 
+ However, since the rate of decline of NH3 is similar to 
+ + that of the precursor ions S and SO , there may be 
significant amounts of NH3 + still being formed at high 
NH3 flows, and the rate constant for (5.20) is properly 
regarded as a lower limit. 
At much higher NH-z flows than are shown in figure 5.5, 
:J 
the NH4+ signa~ declines due to the three-body reaction 
NH4+ + NH3 + He 4- NH4+ • NH3 + He (5.21) 
The reaction of S+ with NH3 has been studied by 
Laudenslager and Huntress l93 by the ICR method. They 
. obtained a value of 1.25 x 10-9 cm3 molecule- 1s-1 for the 
rate constant for (5.20), in reasonable agreement with the 
result obtained in this work. Laudenslager and Huntress 
found that the reaction proceeds 
s+ + NH3 
4- NH + 
3 
4- NH2S+ 
via two 
+ s 
+ H 
channels: 
94% 
6% 
( 5. 18a) 
(5.18b) 
If reaction (5.18b) were occurring in the flovF:i.ng after.glow, 
+ ' the production of NH2S would be expected to lead to 
curvature in the decline of the m/ e :::: ~.8 ion s:i..gnal due 
to SO+, since both NH2S+ and SO+ have the same mass. In the 
present work, the decline in the m/e :::: LJ-8 ion signal has 
been observed to be linear over two decades. Failure to 
observe curvature in this ion signal enables an upper limit 
of 2!% of the total reaction to be placed on reaction channel 
(5.18b). The different product distributions observed in the 
ICR and flowing afterglow experiments may be a further 
consequence of the presence of excited states of the 
S+ . lOll. Variation in the relative amounts of excited s+ 
present would be expected to cause a variation 
95-
in the distribution of the products of reaction of ST. 
The secondary reaction (5.20) 
NH + + Hi -+ NH + + NH 3 1 3 4 ·2 (5.20) 
observed in the present work has been studied many times 
before. A number of results are collected in reference 
190. Measured values of the rate constant range from 
1.0 x 10-9 to 3.2 x 10-9 cm3 molecule- 1s- 1 , with an 
average value of 1.5 x 10-9 cm3 molecule-ls- 1• The 
lower limit for the rate constent measured in the present 
work is consistent with these results. 
AND 0 + 2 
+ + The reactant ions 0 and a2 are produced by addition 
of a2 into a helium afterglow. o+ is formed in the fast 
reaction55, 158 , 
He+ + 02 -4 a+ + 0 + He (5.22) 
0 + 
2 is formed in the reaction .55 
He (23S) + a2 -+ a + 2 + He + e· (5.23) 
and also in the slower reaction 
for which k = 
a2 -+ 02+ + 
2 x 1 a-ll cm3 
a (5.24) 
-1 -1 194 
molecule s • In studying 
the reaction of a+, s~fficient a2 is added to the afterglow 
to completely remove the He+ ions via the fast reaction 
(5.22). lAfhen studying the reaction of o2+, much higher 
flows of 02 are used in order to remove all the 0+ ions 
via the slow reaction (5.24), since the a+ ions would 
+ 
otherwise provide a distributed source of a2 in the reaction 
zone. 
+ + Both the a and a2 ion signals are decreased by 
the addition of H2s. The only product ion formed initially 
96. 
is + H2s , produced in the charge-transfer reactions 
0+ + H2S ~ H2S 
+ 
+ 0 (5.25) 
+ H2S H s+ 02 (5.26) 0 + -)> + 2 2 
The rate constants measured for reactions (5.25) and (5.26) 
are 
molecule- 1s- 1 respectively. 
The H2S+ initi~lly formed undergoes further reaction 
with H2s thus: 
H s+ + 
2 
+ H S ~ H S 2 3 + HS (5.7a) 
The rate constant for (5.7) measured in this section 
of the present work is 6.8 x 10-10 cm3 molecule- 1s- 1, in 
satisfactory agreement with the value of 5.8 x 10-10 cm3 
molecule- 1s- 1 determined earlier in section 5.4. 
+ + The reactant ions C and CO are formed by the addition 
of CO into a helium afterglowo The reactions involved, 
and their rate constants, are 
He+ + CO -+ C+ + 0 
and 
+ He (5.27) 
He (23S) + co~ co+ + He + e (5.28) 
10 3 -1 -1 . 195 k = 1.1 x 10- em molecule s 
If sufficiently high flows of CO are used, any N2 
+ 
initially present as an impurity at m/e = 28 should be 
converted to CO+ in the reaction 
+ co -+ co+ + N 2 
k = 7.0 x 1o- 11 cm3 molecule- 1s- 1 
(5.29) 
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Ion currents vs. so 2flow for the reaction 
of c + and co+ \'lith so'). 
c 
+ co+ · th Typical data for the reaction of C and Wl 
so2 is shown in figure 5.6. Not included in this figure 
is the weak so2+ ion signal observed; at the highest 
+ flows of so2, the so2 signal has a value of about ~~ 
of that of the so+ ion signal shown. 
+ + Of the two product ions observed, SO and so2 , the 
so + 
2 
+ 
must arise exclusively from the reaction of CO , 
since the charge-transfer reaction betwe·en c+ and so2 
-1 is endothermic ·by 107 kJ mol • The sole reaction channel 
observed for rea.ction between c+ and so2 is thus 
+ + co 
The rate constant for this reaction is 2.4 x 10-9 cm3 
molecule-1 s- 1• 
rrhe reaction channel 
C+ Qo co+ + ..:J 2 -+- + so (5.30b) 
ic exothermic by 257 kJ mol-l. If reaction (5.30b) were 
+ to occur,· the CO thus produced would lead to curvature in 
the decline of the CO+ ion signal. Failure to observe 
such curvature enables an upper limit of 5% of the tota.l 
C+ reaction to be placed on reaction channel (5.30b). 
Three other exothermic reaction channels are available 
for reaction between C+ and so2 : 
+ so2 co + s (5.30c) c + -+- + 2 
-+- cs+ + 02 (5.30d) 
-+- s+ + C02 (5.30e) 
None of these channels are observed. This result is hardly 
surprisj.ng in view of the considerable molecular rearrange-
ment involved. 
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+ The reaction between CO and so2 is observed to proceed 
via two channels: 
+ + 
+ 
(5.31a) 
(5.31b) 
The rate constant for the overall reaction between 
CO+ and S02 is 1.7 X 10-9 cm3 molecule-ls-
1
. The branching 
ratio between the two channels may be calculated by 
comparing the so2+ signal with that fraction of the so+ 
signal derived. from CO+, making allowance for mass 
discrimination. The decrease in sampling efficiency 
between masses 48 and 64 is unlikely to be greater than 
a factor of three, and hence it can be concluded that 
95- 98% of reaction (5.31) proceeds via channel a. 
The reactant ions C+ and CO+ are formed by reaction 
of CO with the active species in a helium afterglow, as 
described in section 5.7. The ion signals resulting from 
addition o.f H2S to the afterglow containing C+ and CO+ ions 
are shovm in figure 5.7. 
+ + Both C and CO react rapidly with H2s. The primary 
produc of the reaction are S+, HS+, H2s+, and HCS+. The 
. S+ I + d H + d lOlls , , -IS , an 2s then un ergo further reactions with 
+ H2s to ultimately produce H3
s • 
To distinguish between the products of the reactions 
of C+ and CO+ with H2S, the energy of the ionizing electrons 
was lowered to about 2L,.V. In this case, electron impact 
in the helium carrier results in formation of He (2:5s) and 
He (2 1S) metastable atoms, but no He+ ions. Subsequent 
99· 
·addition of co results in production of co+, but no c+. 
The product ions initially formed when H2S is added 
to the afterglow containing CO+ ions only are S+, HS+, and 
+ H2s • The reactions involved are 
co+ + H2s ...., 
s+ + 
...., HS+ + 
...., H s+ + 
2 
HCO 
co 
+ co (5.32a) 
(5.32b) 
(5.32c) 
+ The rate constant for the overall reaction between CO and 
-9 3 -1 -1 H2s is 1.4 x 10 em molecule s • 
The product ion HCS+ arises exclusively from the 
reaction of C+ ions with n2s. Comparison of the final 
.+ + HCS ion signal with the initial C ion signal, allmving 
for mass discrimination effects, indicates that the reaction 
channel 
c+ (5.33a) 
+ 
accounts for 20-25;,; of the total reaction between C and 
n2s. Other reaction chennels were not conclusively 
identified. Formation of any of the observed product ions 
+ + + + S , HS , or H2S from C cannot be ruled out on energetic 
grounds since the reactions 
c+ + H2S 
... s+ + CH2 (5.33b) 
... HS+ + CH (5.33c) 
+ (5.33d) -1• H S + c 
'2 
are all exothermic. The occurrence of any O!J.e of these 
reactions should manifest itself as a change in the ion 
signal profile of the corresponding product ion when 
changing from a plasma containing CO+ ions only to one 
containing both CO+ and C+. However, since the C+ ion 
signal is considerably smaller than the CO+ ion signal, 
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this effect is small and is overshadowed by variation in 
the mass discrimination of the ion sampling and detection 
system. The rate constant for the overall reaction 
between C + and H2S is 1 .8 x 1 o-9 cm
3 molecule -1 s -1 • 
The reaction between c+ and H2S has been studied 
b H t ' . t 1 82 h t . f Y un ress e • , w o de ermlned a value o 2.0 x 
10-9 cm3 molecule-1 s-1 for the overall rate constant, and 
found that the reaction proceeds via two channels . . 
c+ + H2S ~ HCS+ + H 72% ( 5 .33a) 
~ H s+ + c 28% (5.-z3b) 2 
The reaction between co+ and S to produce s+, 
co+ + H2S 
~ s+ + H2 + co (5.32a) 
is exothermic by 50 kJ -1 mol • Since the first excited 
state of s+ lies 1 78 kJ mol 4 above the ground state of s+ 
only ground-stste s+ can be formed in reaction (5.32a). 
The reaction betvveen ground-state S + and H2S is expected 
to be slow. Unfortunately, at the time of performing these 
experiments, the sensitivity of the ion detection system 
was so low that it was not possible to follmv the 8 + 
decline over a range sufficiently large to determine a 
rate constant for its removal. The sensitivity of the ion 
detection system has since been improved, and preliminary 
studies indicate that the rate constant for reaction 
between H2S and s+ formed in reaction (5.32a) is signif_ 
icantly lower than the rate constant reported for the 
reaction between H2S and s+ in sections 5~2 and 5.3, 
which may have involved a contribution from excited 
states of the s+ ion. 
, 
101. 
5.9 SULPHUR CHEHISTRY IN INTERSTELLAR CLOUDS. 
As mentioned in the first chapter , the interstellar 
gas clouds are composed chiefly of hydrocen. 
produced by cosmic-ray ionization is converted 
Proton transfer from H3+ to neutral species is 
A H + ny 2 
+ to H3 . 
then 
important in initiating ion-molecule reaction schemes. 
One of the most abundont molecules, after hydrogen, 
in many interstellar clouds is CO. This molecule is 
rapidly protona.ted + by H
3 
: 
H + + co ~ HCO+ + H 3 2 
(5.5) 
185 
k = 1.5 x 10-9cm3 molecule- 1s- 1. 
The HCO+ ion may also be formed in the rapid reaction 
CO+ + H2 ~ HCO+ + H 
k = 2.0 x 10-9 cm3 molecule- 1s- 1 
(5.34) 
197 
and, under some conditions, in the chemiioniza tion reaction 1 98 
0 + CH ~ HCO+ + e (5.35) 
Since the HCO+ ion does not undergo further reaction with 
the dominant neutral species H2 , He, and CO, its abundance 
is expected to be relatively high. The important loss 
mechanism for HCO+ is proton transfer to minor neutral 
constituents of the interstellar clouds. 
The He+ ion is another important ion in interstellar 
clouds. It is produced by cosmic-ray ionization of He and, 
since it does not underr;o rapid reaction with rr2 ,55 it is 
relatively abundant. An important loss mechanism for He+ 
is the reaction 
He+ + CO ~ C+ + 0 + He (5.27) 
102. 
Since the reactions of C+ with the dominant neutral 
species H2 and CO are endothermic, the C+ ion is not 
destroyed very rapidly. It is one of the more abundant 
ions in interstellar clouds, and is thought to play an 
important role in the creation and destruction of many 
neutral species. 
Few interstellar cloud ion densities have been 
measured. Herbst and Klemperer199 have calculated 
steady-state abundances of several ions in dense clouds, 
using a model based on ion-molecule reactions. Their 
model·indicates that a+, HCO+, and possibly o2+ are the 
dominant ions in dense interstellar clouds. 
Sulphur-containing compounds were not included in 
the model of Herbst and Klemperer. Oppenheimer and 
Dalgarno 200 have proposed a scheme, including both ion-
molecule and atom-molecule reactions, to account for the 
creation and destruction of the observed sulphur-containing 
molecules. The observed molecules are CH, OCS, H2cs, 
H2s, and SO. In the scheme of Oppenheimer and Dalgarno, 
the Langevin model was used to estimate the rates of those 
ion-molecule reactions for which laboratory measurements 
we::e unavailable. 
In dense interstellar clouds, appreciable ionizing 
radiation cannot penetrate, and Oppenheimer and Dalgarno 
have suggested that sulphur is mainly neutral. Their 
proposed mechanism for formation of H2S is 
H + + S ~ H S+ + H (5.36) 3 2 
followed by charge exchange reactions to give neutral H2s. 
103. 
They sugc;ested that the important reactions leading 
to the removal of n2s are 
HCO+ + co + H2S ~ n3s 
+ (5.6) 
and 
c+ + H2S ~ HCS+ + H (5.33a) 
Other reactions which may be important for removinc H2S 
are 
c+ + H2S ~ H2S 
+ + c (5.33d) 
TI + + H2S 
---)> n
3
s+ + lT r 7. -~2 
:J 
(5.2) 
c:tnd 
0 + 
2 + H S ~ 2 
H s+ 
2 + 02 (5.26) 
Reactions (5.2) and (5.6) do not destroy n2s, but serve 
only to recycle it, since H2S is regenerated in the 
reaction 
+ H..,S 
J 
+ + H (5.26) 
The rate constants measured in this work for reactions 
(5.6) and (5.33) are reasonably close to the value of 
-9 3 -1 -1 . 1 x 10 em molecule s adopted by Oppenheimer and 
Dalgarno for the rates of both reactions. The assumption 
made by these authors tha.t the rates of (5.6) and (5.33) 
are comparable is confirmed. 
In the model of Oppenheimer and Dalcarno, the chief 
+ loss mechanism for S the reaction 
(5.37) 
201 for which Febsenfeld and Ferguson have determined a 
rate constant of 2.0 x 10-11 cm3 mol~cule- 1 s- 1 by the 
flowinc afterclow method. This value may be too hi~h if 
there . + were cic;nificant amounts of exc1ted S present in 
the flowinc; afterc;low, as sur;c;ested earlier in this chapter. 
104. 
If this is so, the fast reaction 
s+ + :rnr3 
-7 NH 7 + + s (5.18a) 7 
may provide an important loss process for s+' even thour;h 
J'fH3 is much less abundant than 02. 
Althouch attempts to detect so2 in interstellar clouds 
have so far been unsuccessfu1, 202 this molecule included 
in Oppenheimer and Dalgarno 1 s reaction scheme. It is formed 
in the reaction 
so + + H (5.38) 
and destroyed in the reaction 
c+ + so -7 so+ + co (5.30a) 2 
-9 3 -1 -1 The value of 1 x 10 em molecule s adopted for the 
rate of reaction (5.30a) is not too different from the 
value of 2.4 x 10-9 cm3 molecule-ls- 1 determined in 
this work. 
The new laboratory measurements reported in this 
chapter are not sufficiently different from the rate 
constants adopted by Oppenheimer and Dalgarno to produce 
any major chan s these authors' sulphur-chemistry scheme. 
However the reaction 
02+ + H2S -7 H2S+ + 02 (5.26) 
which was ir;nored by Oppenheimer and Dalc;arno, is 
sufficiently fast to provide an importa...Yl t loss mechani13m 
for H2s in clouds in which the oxyc;en abundance is hic;h. 
CHAPTER 6o 105. 
REACTIONS RELATED '1'0 CYANIDE GHEHI.STRY IN IN'rERSTELLAR 
CI,OUDS. 
Addition of HCN into a hydrogen afterglow results in 
formation of H2CN 
+ due to the fast reaction 
H + + HCN --)> H CN+ + H2 ( 6. 1) 3 2 
+ . Addition of NH3 to the afterglow containing H2CN as the .. 
dominant ion results in a decrease in the ion signal 
at m/e 28 due to + :::: H2CN , and the appearance of an ion 
signal at m/e :::: 18 due to The reaction taking 
place is 
H2CN+ + ~H3 4-
. + NH4 + HCN (6.2) 
The measqred rate ~onstant for reaction (6.2) is 2.4 x 10-9 
cm3 molecule- 1s:... 1• ·At higher flows of NH3 , the NH4+ ion 
is removed in the three-body clustering reaction 
NH + NH3 H2 
--)> + + H2 (6.3) + + NH4 • NH3 lt-
Reaction (6.2), together with most of the other reactions 
reporte~ in this chapter, has been studied recently by 
Huntress et al., 182 using the ICR method. Their value of 
the rate constant for this reaction is 2.2 x 10~·9 cm3 
-1 -1 121 
molecule s • Schiff et al. have determined a lo~er 
limit of 1.5 x 10-9 cm3 molecule- 1s- 1 for the rate constant 
for reaction (6o2) in the flowing afterglow. 
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6.2 HCO+ + HCN. 
+ The reactant ion HCO was formed as described in the 
previous chapter, by addition of CO into a hydrogen 
afterglow. The ion signals resulting from addition of 
HCN to the afterglow containing HCO+ as the dominant ion 
are shovm in fig., 6 .1. 
The only primary reaction taking place is the proton.-
transfer reaction 
HCO+ + HCN -+ H2CN 
+ + co (6.4) 
Not shovm in fig. 6. 1 is the ion sie;nal due to H2CN-I~HCN" 
formed at high HCN flows 
H2CN+ + HCN + H2 
in the secondary reaction 
+ . 
--) H2 CN oHCN t H2 (6 .. 5) 
The ion signal at m/e = 29 is due to two different 
species.: the reactant ion HCO+, and isotopes of the product 
+ + ion H2CN • There are three isotopes of H2CN which 
contribute. to the ion sig11al at m/e = 29. These are 
2H1H12c 14rif+, 1H213c 14rJ+, and 1n212c 15N+. The size of the 
H2CN+ ion signal at m/e = 29 due to these three isotopic 
+ 
species is 1.49% of that of the H2CN ion signal at m/e = 28. 
(Isotopic abundances, relative to the isotope of lowest 
mass, are: 2H 0.016%; 13c 1.08%; 15 N 0.38%). To obtain 
the true HCO+ decline, it is necessary to subtract the 
H2CN+ contribution to the ion signal at m/e = 29. This 
procedure results in a linear decline of the semilogarithmic 
+ plot of HCO vs HCN flow for over two decades. The slope 
of this decline yields a value for the rate constant for 
reaction (6.4) of 4.0 x 10-9 cm3 molecule-ls- 1• 
The rate constant measured by Huntress et al. l8Z for 
-9 3 -1 -1 reaction (6.4) is 3·5 x 10 em molecule s • 
mfe=2 8 
1--------------~--------------L-----~ 2. 4-
HCN flow x 1 o-1 7 (molecules 8 -1 ) 
fPIGURE 6. >! Ion currents vs. !!CrT flow for the 
reACt ion of. C + and CQ + With !ICn • 
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The observation that reaction (6.4) is rapid 
establishes that the proton affinity (P.A.) of HCN is 
greater than that of CO. A value of 591+·5 :t 8.8 kJ mol-1 
for P.A. (CO) may be deduced from the data of Matthews 
. 203 
and Warneck for the heat of formation of HCO+. 
H~nc:~ P.A. (HCN) > 585.7 kJ mol-l, and adoptin~ the 
values 187: of 135. kJ mol-l for !J. Hf (HCN) and 1530 kJ 
mol-1 for !J. Hf (H+), it may be deduced that 6 Hf(H2CN+) < 
1079.kJ mol-1• This is in disagreement with one of 
Gallegos and Kisser' s204 determinations of 6 Hf(H2CN+) = 
1096 kJ mol-l, but consistent with another of their 
values of 1059 kJ mol-l, and is also consistent with the 
-1 205 
value of 1033 kJ mol determined by Franklin et al. 
The reactant ion C+, together with the CO+ :ton, is 
produced by addition of CO into a helium afterglow, as 
described in the previous chapter. 
Figure 6Q2 shows typical data for the sequence of 
reactions beginning vlith the reaction of HCN with the 
ions CO~ and C+. Both ions react rapidly With HCN. The 
co+ reacts via tvJO channels: 
co+ + HCN _,. HCO+ + CN (6.6a) 
-). HCN+ + co (6 .. 6b) 
The initially-formed HCO+ and HCN+ ions both react further 
with HCN+ 
HCO+ + HCN -). H2CN+ + co ( 6 .LJ.) 
and 
108. 
HCN+ + + co (6.7a) 
'l1he curvature in the dec line of the m/ e ::::: 29 signal is 
again due to a contribution to this ion signal by 
isotopes of HCN, as discussed in the preceding section. 
The decline in the m/e = 28 ion signal due to removal 
of CO+ in reaction (6.6) is masked by an increase in the 
m/e = 28 ion signal due to production of H2CN+ in reactions 
(6 .. lr) and (6.7a), all the CO+ ultimately being converted 
+ + to H2CN • F'ig. 6.2 shows that the H2CN ion signal at high 
HCN flows does not balance exactly the initial CO+ ion 
signal. This discrepancy is presumably due to removal of 
+· . H2CN j.n the three-body reaction 
H2CN+ + HCN + He-+ H2CN+. HCN +He (6.5) 
and also possibly due to a difference in diffusion 
coefficients for CO+ and H2CN+ leading to a greater 
diffusive loss of H2c1t comp~r.ed with CO+ .. 
+ The only reaction taking place betwe.en C and HCN :ts 
C+ + HCN -+ . c2N+ + H (6.8) 
The C2N+ thus produced undergoes further reaction with HCN: 
CzN+ + HCN -+ products (6.9) 
However the products of this reaction could not be identified. 
It was not possible to determine a rate constant for 
+ the reaction betwe.en CO and HCN, due to interference from 
the H2CN+ product ion at m/e = 28. The rate constant 
measured for the reaction of C+ vti th HCN, reaction ( 6 ~8), 
is 2.8 x 10-9 cm3 molecule-ls-1• The value obtained by 
Huntress et a1. 182 for this reaction is 3o2 x 10-9 cm3 
molecule-ls- 1• 
109. 
The rate constant for reaction (6.8) has also been 
206 
measured by Inoue and Cottino The reaction was studied 
in a mass spectrometer ion source, where the C+ ion was 
produced by electron impact on HCN. The measured rate 
constant for reaction (6.8) was 1.3 x 10-9 cm3 molecule- 1s- 1• 
Inoue and Cottin's measurement is not a thermal-energy rate 
constant however, due to acceleration of the ion in the 
repeller field of the mass spectrometer ion source. It 
represents instead an average value of the rate constant 
over a range of ion energies from thermal to the ion exit 
energy. The ion-source.pressure was not measured directly 
in these experiments, but was deduced from total ionization 
measurements.. This procedure can lead to error as was 
pointed out by Gupta et al. 123 
The linear portion of the HCN+ decline yields a rate 
constant for reaction (6 .. ?a) of 9.6 X 1 o··1 o cm3 molecule-1s-1• 
HCN+ + HCN-+ H2CN+ ' CN (6.?a) ·r 
H · d Th 207 , bt · d 1 f 6 o 1 o-1 0 arrJ.son an ynne 11ave o alne a va ue o • x 
cm3 molecule-ls-1 for the rate constant for reaction (6.?a), 
using the pulsed mass-spectrometer ion source method. 
However mcmy of the early results of Harrison et al. have 
been shown 123 to be in error because of errors in measure-
. 
ment of the ion-source pressure. Reaction (6.?a) has also 
been studied at non-thermal energies by Inou·e a11d Cot tin ;o6 
who measured a rate constant for the reaction of 1.2 x 10-9 
cm3 molecule-ls-1 , and also observed a second reaction channel 
HCtt + HCN -+ C2N2H+ + H (6.?b) 
Their measured rate constant for reaction (6.7b) is 3.2 x 
1000 
' ,,
100 
0 
~ 1~----------------~------------------~----------~ 1. 2. 
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1o-11 cm3 molecule- 1s-1 • The s;:;_me workers measured a rate 
constant of 1.5 x 1o-11 cm3 molecule- 1s- 1 for the reactiom 
IICN -? C ~N2+ ) + H 
The rate constant measured in the present work for the 
removal of c2N+ by reaction with HCN :Ls 3.1 x 10-lO cm3 
molecule-1s- 1 • Discrepancies between the results of 
Inoue and Cottin and the rresent flowing afterglow results 
are presumably due to the non-thermal distribution of ion 
energies encountered in the mass spectrometer ion source. 
6.4 He+ WITH HCN. 
As discussed in chapter 5, the dominant active 
species in a helium afterglow are He+ ions and He (23S) 
metastable atoms, present in approximately equal amoun 
The ion signals resulting from addition of HCN to a helium 
afterglow are shown in figure 6.3. No attempt has been 
made to distinguish between the products of reaction of 
It is likely, however, that the main 
reaction channel for reaction between He+ ions and HCN is 
dissociative charge transfer, while He (23S) metastable atoms 
react predominantly by Penning ionization. 
The measured + constant for removal of He by 
reaction with HCN -9 3 -1 -1 is 3·9 x 10 em . molecule s • The 
main products of dissociative ci1arge transfer are CI{"' and 
+ together with smaller amounts of C • 
producing these ions are 
The reactions 
111. 
He+ + HCN -+ CN+ + H + He ( 6. 1 Oa) 
-+ CH+ + N + He ( 6. 1 Ob) 
-+ c + + N + H + He ( 6. 1 Oc) 
Branching ratios were not determined, due to the complicat-
ions caused by secondary reactions, and the presence of 
7-
He (2~S) metastable atoms. All three product ions of 
reaction (6.10) undergo fnrther reaction with HCN. Probable 
reaction channels for CN+ and CH+ are 
The reaction 
c+ + 
+ CN (6.11a) 
HCN -+ H2CN+ + C ( 6. 12a) 
-+ c~+ + H2 (6.12b) 
+ between C and HCN, investigated earlier, is 
HCN ~ C N+ + H (6.8) 2 
The linear portions of the CI:t and CH+ declines correspond 
to rate constants for their removal by HCN of 2.8 x 10-9 cm3 
molecule-1s-l and 3.2 x 10-9 cm3 rnolecule-ls- 1 respectively. 
However, as the rates of removal of CN+ and Cit are similar 
to the rate of removal of their precursor ion He+, there 
+ + 
may be significant amounts of CN and CH produce!i in the 
reaction zone, and the rate constants derj.ved should be 
considered a lower limit. 
In addition to the ion signals shown in fig. 6.3, 
+ a weak N signal ( < · 1% of total product ion signal) was 
observed. A small rt signal was present ev€m in the 
absence of HCN, presumably due to reaction between He+ ions 
and an N 2 impuri tyo The N+ signal increases slightly and 
then decreases as increasing amounts of HCN are added. The 
1 12. 
reactions involved are probably 
He + + HCN --+ N + + CH + He (6.13) 
+ .I, (6.1LJ-) N + HCN ... HCN' + N 
The HCN+ formed in reactions ( 6 • 1 1 ) and ( 6. 1Lt) , 
and in the Penning reaction 
He (23S) + HCN --+ HCN+ + He + e (6.15) 
reacts further with HCN as already discussed. 
HCN+ + HCN --+ H2CN+ + CN ( 6. 7a) 
+ The linear portion of the HCN decline corresponds to a 
rate constru1t for reaction (6.7a) of 1.0 x 10-9 cm3 
molecule-1s- 1 , in good agreement with the value of 
9.6 x 10-10cm3 molecule- 1s- 1 obtained in the section 6.3. 
+ The reaction between He and HCN has been studied 
by Huntress et a1. 182 An overall rate constant of 3.1 x 
-9 3 -1 -1 + 10 em molecule s was obtained for removal of He by 
reaction with HCN .. The observed branchj_ng rG.tios were 
He+ + HCN ... CN+ + H + He 1+7% (6.10a) 
... CH+ ·1 .. N + He 21% ( 6. 1 Ob) 
-+ c + + N + H + He 2:1'~ ( 6. 1 Oc) 
... N+ + CH + He 7% ( 6. 1 Od) 
-> HCN+ + He < 1% ( 6. 1 Oe) 
':Phe secondary reactions (6.11) and (6.12) have been 
studied 'by Inoue and, Cottin. 206 They report that the 
reaction taking place between CN+ and HCN is 
CN+ + HCN ... C2N2 
+ + H (6.11b) 
10-10 "Z molecule- 1s- 1 for which a rate constant of 1 X em.? 
was measured.. 'rwo reaction channe were observed for the 
' + 
reaction between CH and HCN: 
HCN ... + c2N + ( 6. 12b) 
... C2NH 
+ + (G. 12c) 
113. 
The measured rate constants for reactions (6.12b) and 
(6 ) -10 3 . -1 -1 -10 .12c are 4·3 x 10 em molecule s ~mel 2.3 x 10 
cm3 molecule-1s- 1 respectivelyo 
As pointed out earlier, the results of Inoue and 
Cottin were obtained at non-thermal energies, and agreement 
with the present thermal-energy results is not expected. 
Attempts to form the HCN+ reactant ion by charge 
transfer to HCN are complicated by the subsequent reaction 
of HCN+ with IICN. For example, if HCN+ is f'ormed by adding 
HCN to an argon afterglow, addition of sufficient HCN to 
+ 
completely remove the Ar ions results in almost complete 
removal of the HCN+ ion. The same problem is encountered 
if HCN is added 'to a helium afterglow. Consequently, when 
studying the reactions of HCN+, it is not possible to 
completely remove the ion producing HCN+ before the 
neutral reactant is added, and some production of HCN+ 
in the reaction zone is unavoidable. This leads to 
pronounced curvature in the semilogarithmic decline of 
HCN+ with increasing H') flow. A rate constant may be 
'-
derived from the initial part of the HCN+ decline, but 
such a rate constant must be regarded as a lower limit, 
due to production of HCN+ in the reaction zone. 
A further problem was encountered when HCN+ is 
produced in a helium carrier gas. Considerable amounts of 
+ CN are produced by reaction of HCN with the active species 
in the afterglow. When the neutral reactant H2 is added, 
114. 
HCN+ is formed in the reaction 
+ H (6.16) 
which is rapid. (Huntress et al. 182 report a value of 
1.22 x 10-9 cm3 molecule-1s- 1 for the rate constant for 
reaction (6.16)). + Production of HCN via reaction 
(6.16) contributes to the curvature in the HCN+ decline .. 
Addition of H2 to the afterglow containing HCN+, 
along with substantial amounts of H2CN+, results in a 
. + 
decrease in the HCN ion signal and a slight increase in 
the H2CN+ ion signal due to the·reaction 
HCN+ + H2 
4 H2CN+ + H (6.17) 
The rate constants obtained from the initial slope of the 
HCN+ decline show a strong dependence on the flow of the 
reactant ion parent gas, which determines the extent of 
HCN+ production in the reaction zone.. Measured rate 
constants range from 9.8 x 10-10 cm3 molecule- 1s-1 to 
7 x 10-11 cm3 molecule- 1s- 1• Thus a value of 9.8 x 10-10 
3 -1 .... , 
em molecule s may be tak.en as a lower limit £Dr the rate 
constont for reaction (6. 17).. This result is consistent 
with a value of 9.5 x 10-10 cm3 molecule-ls-1 for the rate 
conshtnt of react:i.on (6.11+) measured by Huntress et al. 182 
6. 6 CYANIDE CHEHIST'RY IN INTERSTELLA:!l CLOUDS. 
The mechanism of HCN forma tj_on in dense interstellar 
clouds is somewhat uncertain. The mechanism proposed by 
Herbst und Klemperer 199 initiated by the reaction: 
+ CNH2+ ( 6. 18a) c + NH -+ + H 3 
followed by the dissociative recombination 
+ e -+ CNH + H (6.19) 
Herbst and Klemperer adopted a value of 2 x 10-9 cm3 
molecule-ls-1 for the rate constant for (6.18a), and 
an el&c tron recombination coefficient of 1 x 1 o-6 cm3s ~· 1 
for reaction (6.19) was assumed. 
Schiff et al. 121 have investigated the reaction 
+ between C and NH3 in the flowing afterglow. Although 
the rate constant for the reaction was found to be 
2.3 x 10-9 cm3 molecule- 1s-1 , close to the value adopted 
by Herbst and I{lemperer, reaction ( 6. 18a) was found to 
be a minor reaction channel ( ...,... 5%). The raajor 
reaction channel ( """95%) was found to .be the charge-
transfer reaction 
+ n.TF ._. FH + 
!', "3 ' 3 + c (6.18b) 
Reaction (6.18) has also been studied by Huntress et a1. 182 
who found that (6 .. 18a) and (6.18b) were both major reaction 
channels (...,... '-~9% each). In addition, a minor ( ....,... z:O channel 
was observed: 
+ ( 6. 18c) 
The overall rate constant was found to be 2.3 x 10-9 
3 -1 -1 em molecule s • 
The. rate constants measured in the present work 
pertain to the loss processes for HCN. As discussed in 
chapter 5, the important ions in dense interstellar clouds 
~ + + + 
are n3 · , HCO , C , and He • These react with HCN as 
follows: 
116. 
H + 
3 
+ HCN ~ H CN+ 2 + Hz ( 6" 1) 
HCO+ + HCN ~ H2CN+ + co (6.4) 
+ HCN ~ C N+ H (6 .. 8) c + + 2 
He + + HCN ~ CN+ + H + He ( 6 .. 1 Oa) 
~ CH+ + N + He ( 6. 1 Ob) 
~ c+ + N + H + He ( 6. 1 Oc) 
~ N+ + CH + He ( 6 .. 1 Od) 
~ HCN+ + He (6.10e) 
The measured rate constants for these reactions, together 
with the rate constants adopted by Herbst and Klemperer, 
(kliK), are collected in table 6. 1 • 
TABLE 6.1 
RATE c·ONSTANTS a RELNfED TO PRODUCTION AND LOSS PROCESSES 
li'OR HCN IN INTERSTELLAR CLOUDS. 
keXJ?.t ·-~ kHK c Reaction Reaction number 
+ + H3 + HCN~ H2CN + H2 7.0 2.0 ( 6. 1 ) 
H2CN+ + NH3~ NH4+ + HCN 2.4 Not consid- ( 6.2 ) ered 
HCO+ + + co L1 •• o 1.0 ( 6 .. 4 ) + HCN-J. H CN 2 
C+ + HCN~ C N+ + 2 H 2.8 2 .. 0 ( 6 "8 ) 
+ He + HCN~ products 3·9 Not consid- (6 .. 10) 
ered 
+ H2CN+ + H ~ 0.98 2.0 ( 6. 17) HCN + H ~ 2 
a .. 
b .. Rate constants measured in the present work .. 
d 
c. Rate constants adopted in the model of Herbst and Klemp-
erer. 
d. Reactions numbered as in the text. 
117" 
The CN+ ru1d HCN+ ions produced in reactions (6.10a) 
+ and ( 6 .. 1 Oe) react rapidly w:L th H2 to form H2CN : 
CN + + H 2 -+ HCN + + H ( 6 . 1 6 ) 
+ HCN + 
\. 
H -+ H CN' + 2 2 H (6.17) 
The H2CN+ formed in reaction (6.17), and in reactions 
( 6. 1) and (6.4) will react to regenerate HCN as follOWS' 
H CN+ + NH -+ NHlf + HCN (6 .. 2) 2 3 
+ H2CN + e -+ HCN + H (6.20) 
Since electron-ion recombination coefficients for 
. . -7 3 -1 208 polyatonnc J.ons are generally 10 em s or greater, 
and since the electron density is likely to be greater 
than the number density of NH3 , 
199 
the electron-ion 
recombination (6 .. 20) will be the dominant process remov:Lng 
H2CN+ and reforming HCN. Consequently reactions (6.1), 
(6.1+), and (6.10'a, e) do not destroy HCN, but only-. 
recycle it. The important reactions leading to the 
destruction of HCN are (6.8) ru1d (6.10 b,c,d). Reaction 
(6 .. 8) will dominate, since C+ is probably more ab'ti.ndant 
+ than He, .• 
Reaction (6 ... 10) was not included in the model of 
Herbst and Klemperer. Also, the measured rate of reaction 
(6.8) is greater than the value adopted by these authors. 
Hence the Herbst-Klemperer model tends to underestimate 
121 
the loss rate of HCN. If the results of Schiff et al. 
are correct, the model overestimates the production rate 
of HCN by a factor of 20, and the proposed meclwnj.sm would 
appear to be inadequate in explaining the amount of HCN 
199 
observed. If tho branchinc re.tio for reo.ction (6.18) 
118. 
measured by Huntress et a1. 182 is correct, the model 
· over-estimat~s the rate of production of HCN by a factor 
of two only. The branching ratio of (6.18) is thus a 
crucial factor in assessment of this model. 
It is interesting to note that reaction (6.18) seems 
likely to produce !INC rather than HCN. Although the 
species IDiC has been observed terrestrially only in an 
20g 210 
argon matrix at 4K, · · ab initio calculations of 
its molecular properties suggest that the HNC molecule is 
responsible for the galactic emission line observed by 
211 -1 Snyder and Buhl. Although HNC has an energy 61 kJ mol 
above that of HCN, there is a considerable ( v'"' 146 kJ 
1_,) t. t. b . t th . . . t. 212 mo ac 1va 10n energy arr1er o e 1somer1za 1on. 
A possible mechanism for conversion of HNC to HCN is 
AH+ + HNC -+ H CN+ + A 2 (6.21) 
+ H2CN + e -+ HCN + H 
-+ H.NC + H 
where HCO+ is the most probable proton donor AH+. The 
212 
calculations of Pearson and Schaefer indicate that the 
linear structure (I) for H CN+ is more stable by v- 300 kJ 
. 2 
-1 
mol than a structure of the type (II) 
H-C-N-H+ H'c-N+ H/ 
(I) (II) 
Dissociative recombination of the linear H2CN+ ion (I) 
might be expected to produce both HCN and ffiTC • 
. An alternative mechanism for HCN formation has been 
. . 105 
suggested by Watson, and others (see reference 121 ) • 
The reactiohs involved are 
119. 
CH + + N -+ H CN+ + H (6.22) 
3 2 
+ N -+ HCN+ H2 (6.23) CH3 + + 
Reaction (6.23) will be followed by (6o17) producing 
+ Dissociative recombination of H2CN produced in 
(6.17) or (6.22) produces HCN. Reactions (6.22) and 
(6.23) have not been studied in the laboratory, although 
a number of condensation reactions of CH3+ have been 
observed to proceed with elimination of H2 • 
213 Although 
the N atom is fairly abundant in interstellar clouds, 
+ the abundance of CH3 , and even the mechanism of its 
formation, is uncertain. 
CH + + 
2 + 
Although the reaction 
H (6.24) 
is rapid, 21 4 the ion CH2 +, the precursor to CH3 +, is 215 
probably formed in the slow radiative association reaction 
r.+ + H -+ "H + + h71 
- 2 v, 2 (6.25) 
120 
The experiments of Fehsenfeld et al. indic~te that 
the rate of (6.25) may be very low, ~ 4 x 10-17 cm3 
molecule- 1s- 1. This is significantly lower than the 
value of 10- 15 cm3 molecul~- 1 s- 1 estimated by Black and 
Dalgarno .215,~ 
CHAPTER 7 
CONCLUSION •. 
7. 1 SUMHARY OF RESULTS AND CONCLUSIONS. 
120. 
+ In chapter 4, the reactions between H3 ions and 
neutral reactants of the general formula XCN were 
examined. In all cases the proton-transfer reaction 
H3+ + XCN-+ HXCN+ + H2 (7.1) 
was the only reaction channel observed, and was found to 
be rapid. The experimentally-determined rate constants 
for reaction of n3+ with HCN, CH3CN, and ClCN were in 
good agreement with the rate constants predicted by the 
ADO theory, at least within the relative accuracy of 
the experimental measurements. The agreement between 
. + theory and experiment for the reaction of H3 with 
BrCN and ICN was not so good, but it seems possible 
that a low reaction efficiency, rather than error in· 
the ADO rate constants, is responsible for the 
discrepancy. The measured rate constant for the reaction 
of + with C 2N 2 agreed with that predicted by the AQO 
theory, to within the relative accuracy of the measured 
rate constant. 
Chapters 5 and 6 report the results of a study of 
a number of reactions pertaining to the formation and 
destruction of sulphur-containing molecules and of HCN in 
interstellar clouds. The rate constants and product 
distributions observed for reactions of the sulphur-
containing compounds were compared with values adopted 
' th d 1 d b 0 h . d D 1 · . 200 . 1n e rna e propose y ppen e1mer an a Larno. 
121 . 
The differences were not so great as to cause any major 
changes to the model. Measured rate constants and product 
distributions pertaining to the destruction of HCN in 
interstellar clouds have been compared with those adopted 
in the model of Herbst and Klemperer. 199 Again, the 
differences were not great. However, some doubt is c 
on the validity of the Herbst-Klemperer mechanism by 
conflicting results of Huntress 182 , and Schiff et 
+ for the rate of the reaction producing CNH2 : 
(7.2) 
the 
121 
A re-investigation of this reaction is currently underway 
this department. 
The rate con t measured for the reaction 
H S -+ H S+ 2 2 + s (7.3) 
was found to be fairly large, in spite of the endothermicity 
of the reaction. This indicates that there may be 
ficant amounts of long-lived excited states of the 
S+ ion present in the flowing afterglow. If.there are 
metastable S+ ions present in the flowing afterglow, then 
+ 
conclusions concerning the occurrence of S in the 
ionosphere which were based on the flowing afterglow 
measurement of the reaction between and 02 
201 would 
have to be revised as follows. 
Sampling of the ionosphere by rocket-borne mass 
spectrometers has revealed the presence of ions at masses 
and 34 at ~ltitudes between 74 and 86km. 216 These 
+ ion signals are thought to be due to S ions. Fehsenfeld 
and Ferguson 201 have 
s+ + o -+ so+ 
2 
measured the rate of the reaction 
+ 0 (7-4) 
122. 
Their measured value of the rate constant of 1.6 x 10- 11 
cm3 molecule -ls- 1 yields a loss rate for S+ ions the 
ionosphere via reac on (7.4) of at least 4 x 102 cm-3s- 1 
80 km. To account for the observed S+ density of about 
102 em , a production rate for S+ of 4 x 104 em - 1 
required. This rate exceeds the total ion production rate 
in the D rec;ion of the ionosphere. If, however, the 
measurement of the rate of reaction (7.3) involved a 
contribution from excited S+ ions, the calculated ionospheric 
+ loss rate for S may be too great. A lower value for the 
loss rate would of course meru1 that the rate of production 
need not be as great as required by the calculations of 
Fehsen feld and Ferguson. 
7.2 SUGGESTIONS FOR FURTHER WORK. 
An inves gation of the rates of reaction of 
unambiguously-identified ground-state S+ ions is c led 
for. + A suitable source of S reactant ions is the reaction 
co+ + H2S 
....., s+ + co + H2 (7.5a) 
....., s+ + H2Co (7.5b) 
Since reac ons (7. ) and (7.5b) are exothermic by 50 kJ 
1 -1 . 
mol- and 59 kJ mol respectively, only the ground state 
+ of the S ion is ener~etically accessible in these reactions. 
The reaction of c;round-state S+ with o2 is of particular 
importance. 
Hany ion .... molecule reactions of relevance to interstellar 
molecu formation mechanisms remain to be studied. In 
particular, the mechanism proposed by Watson 105 for the 
123. 
formation of H c7·r+ 
-2 l 11 ' 
+ + CH3 + 
~\T -)> H2CN .·, + H (7.6) 
has not yet been ves gated in the laboratory. The 
flowino; aftere:low technique is ideally suited to the 
study of reactions of such unstable neutral reactants 
as N atoms. These atoms could be produced by dissociation 
of :N 2 (or a dilute r.1ixture of N 2 in an inert carrier such 
as helium) in a microwave discharge, and their concentration 
determined by titration with NO. 21 7 Since the reactions 
+ between cn3 
CH + + 
3 
and 
2 
E2, such 
-)> + 
"""+ N
2
H+ 
"""+ NCH2 
+ 
etc. 
as 
+ CH3 (7. ) 
+ CH2 (7.7b) 
+ (7.7c) 
are highly endothermic, the presence of c:my undissociated 
1';2 shou1d not interfere with the measurement of the rate 
constant for reaction (7.6). The CH + reactant ion is 3 
produced as one of the dominant ions in the reaction 
+ ' 1 between He and CH4. 
The formaldehyde molecule has been detected in 
11 1 interstellar clouds, 2J1d the mechanism of its formation 
199 
is uncertain. The scheme proposed by Herbst and Klemperer 
is the ow radiative association 
HCO+ + (7.8) 
followed by electron on recombination 
n3co+ + e """+ H2CO + H (7 .9) 
A t f 10-17 cm3 -1 -1 ra e constant o 2 x molecule s was 
nssumed for reac ti.on ( 7. 8). However the work of Fehsenfeld 
120 
et al. suc~ests that the rate of reaction (7.8) may be 
124. 
-18 3 -1 -1 lower, about 10 em molecule s . The question of 
H2Co production is closely connected with the mechanism 
for its removal though. If the loss rate of H2co is 
sie;nificc:mtly lower th.:m assumed in the Herbst-Klemperer 
model, the burden on its production rate is eased. The 
reactions considered by Herbst <:md Klemperer for the 
removal of n2co are 
+ H2CO H~CO+ H3 + --+ + ) (7.10) 
RCO+ + H2CO --+ H-z CO+ + co J (7.11) 
c+ + H2CO --+ HC 0+ 2 + H ( 7. 1 ) 
all of which were assumed to proceed at the Langevin 
rate of 1 x 10-9 cm3 molecule- 1s- 1. Only one of 
these reactions appears to have been studied in the 
laboratory. Karpas and Klein 218 have determined a 
value of 8.2 x 10-10cm3 molecule- 1s- 1 for the rate 
constant for the reaction 
+ + co ( 7. 12b) 
using the ICR method. It is suggested that the 
reac ti.ons ( 7. 1 0) to ( 7. 12) be studied in the flovtin.c; 
afterglow, together with the reactions of He+ and 
02+ with H2CO, which may also be important in removing 
H2CO in interstellar clouds. The handline; of thG neutral 
reactant H2co may pose some problems:; because of the 
tendency of formaldehyde to polymerize, it will be 
necessary to heat the formaldehyde handline line to 
.219 
about 100° C. 
Dalcarno et al. 220 have proposed an alternative 
scheme for the productj_on of rr2co in interstellar clouds. 
125. 
The ion n2co+ produced in the reaction 
then under,':';oes charr:;e transfer with metal a toms present: 
H Co+ + "+ .+ H -4 n 2 
The reaction (7.13) does not appear to have been studied 
in the laboratory. It may be studied in the flowinc: 
afterglow u g the same procedure as recommended for the 
study of the reaction of en./ ·with IT atoms. A lillm1m 
..J 
flow of 0 atoms may be generated by adding just sufficient 
NO to a flow of partially dissociated N2 to convert all 
theN atoms to 0 atoms in the reaction 216 
N + + 0 (7.15) 
1 26. 
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APPENDIX I 
DATA FOR INDIVIDUAL KINETIC RUNS 
The follow:inc table contains data from individual 
kinetic runs, arranced as follows: 
Column 1 : 
Column 2: 
Column 3: 
Colunm ~·: 
Column 5: 
Column 6: 
Column 7: 
Reaction number, as used in the text. 
Ionic and neutral ree.ctants.. The carrier 
is jdentified in parenthes~s. 
P, the pressure measured at the mid-point of 
the reaction zone, in torr. 
v, the averac;e linear flmv velocity of the 
. . -1 
carr1er cas, 1n em s 
L, the actual leneth of the reaction zone, 
in em .• 
Gradient, the least-squo.res slope of the plot 
of vs. + . q, wl1ere A J..s the react.cmt 
ion si and Q the flow of the neutral 
-1 
reacte:mt in :-nolecules s • Units of :_::radient 
-17 -1 are 10 s molecule • 
k, the rate constant, corrected as described 
in chapter 3, in units of 10-9 cm3 
-1 -1 
molecule s . 
(5.2) IL + p r:' 0./!.13 Gr~ 1 o + LJ9· 5 ) . -~ "') ~,) ( ~ L~. 00 3. )L~ 
( ) o. 3:5h 0~70 L!-9 • 5 LJ .• 06 3 .l~ 7 
141 • 
Reaction Reactants p -v L Gradient k 
number (Ce.rrier) 
(5.C) ECO+ + H'")S 0.358 6430 LJ-9 • 5 1.73 1 .l~5 
c._ 
(Hz) 0.331 6210 49·5 1. 81 1 • L~3 
(5.7) F '"'+ + TT r o. 2~-6 67l!-O 49·5 0.518 0.492 a 
·2'J .. 2.::~ 
(He) o. 2t·3 6710 4-9· 5 0.660 0.622 b 
0.266 6.380 49·5 0.7l+5 0.731 b 
0.258 6930 49·5 0.667 0.679 () 
0.258 6920 49·5 0.546 0.5~G c 
0.275 6880 1.~9. 5 0.616 0.605 c 
(5.9) s+ + TT s 0.246 6740 Lr9. 5 0.912 0.870 d (121 
(E 2) 0.267 6860 l+9. 5 0.759 0. 7l~6 d 
0.252 6710 L:-9 • 5 1.00 0. 9l!-5 d 
0.273 6150 lt9. 5 0.966 0.772 d 
0.258 6930 49·5 0.732 0.734 e 
0.275 6880 49·5 0.729 0.717 e 
a. IT c:t 
'?."" produced by reaction of s 
+ 
and so2 
+ VIi th r .... -,2,-:; 
rr ,...+ I + b. produced by reaction of o' and 02 with TI C' !" 2':; '2':; 
c. r '"'+ 120 produced by reaction of He and Ee (23S) vrl th 1T ,.. 1 2") 
cl. + ·f.. C' produced by +' of Tie vri th so.., IJ re:::tc 0J.on 
c 
+ produced + e. s by reaction of Ile with n2s 
Reaction Rr;ac tcm ts 
number 
(5.11) 
(5.16) 
(5.17) 
(5.18) 
(5.19) 
(5.20) 
(5.25) 
( Ca.rrier) 
,..0+ 
J.J + TT s n2. 
(He) 
He + E2S + 
(Fe) 
(He) 
,..+ 
+ 1\TTT iJ !. i '3 
(He) 
' 
.so' + mr7 
:J 
(Fe) 
+ rm3 + 
(He) 
+ 0 + li s 
.2 
(IIe) 
1 42. 
-p v 1 Gro.dien t k: 
0.267 62>60 1.;-9. 5 0.910 0.897 
0.252 6720 L~9 • 5 1 . Olt 0.981 
0.273 6150 L~9 • 5 1. 01 0.80~. 
0. 2L~6 6740 49~5 1. 11 1.06 
0.256 6810 Ll-9 • 5 3.02 2.35 
0.258 6920 L!-9 • 5 :;.17, 
../ -
3·03 
0.279 6370 49-5 J.22 :; • Q,~ ../ ·-
0.258 0.671 0.672 
0.275 6880 L~9.5 0.653• 0.6L~1 
0. 2L~ 1 6780 49·5 1.50 1 • L~5 
0.257 6670 49-5 1.39 1.30 
O. 2L:-6 6750 40 r:; ./·~ 1 . L~ 7 1.41 
0. 2L;. 1 6780 L~9 • 5 1.28 1.25 
0.257 6670 49·5 1 • 3Li· 1.25 
0.246 6750 49·5 1 . '-!·4 1.38 
0.241 6780 49.5 1 .28 1 .25 
0.2Lt6 6750 49.5 1 .06 1 .02 
0.258 6930 49·5 1.37 1.39 
0.263 6710 49·5 1~81 1. 71 
143 .. 
Reaction Reactants p - T Gradient k v LJ 
number (Carrier) 
(5.26) 0 + 2 + H S 2 0.258 6930 L!-9· 5 1. 13 1. 15 
(He) 0.263 6710 49·5 1 • ~-6 1.33 
0.266 6880 Lt-9 • 5 1.66 1.65 
0.258 6890 l!-9· 5 l. Lr 1 1 • Lt-0 
(5.30) c+ + so..., 
c:_ 
0.251 6520 ~-9· 5 2.75 2.52 
(He) 0.251 6470 LJ-9 • 5 2.60 2.3>3 
0.237 6400 49·5 2.60 2.28 
(5.31) co+ + so2 0.251 6520 l!-9. 5 2. OL!- 1.85 
( ) 0.251 bLL70 
'' 
49·5 1.86 1. 
0.237 tlj-00 lt9. 5 1. 69 1.48 
c+ + F S 0.271 6830 49·5 1.79 L75 
'2 
(He) 0.220 6900 '+9. 5 1.69 1.72 
0.222 6980 L!-9• 5 1. 72 1.79 
0.222 6980 49-5 1.73 1.80 
co+ + H2S 0.271 6830 49·5 1.47 1 • ltlt 
(He) 0.220 6900 !J.9.5 1.38 1 • L1-0 
0.222 6980 '+9. 5 1 .1+2 1 .ll5 
0.222. 6980 49-5 1 • li-4 1 • L18 
1 44. 
-~eaction · Reactants p v L Gradient k 
number (Carrier) 
(6.2) H2CN+ + NH3 0.460 6350 51 ·3 2.95 2.34 
(H2) 0.610 6170 51.3 ).28 2.49 
0.287 6330 51.3 2.96 2.43 
(6.4) HCO+ + HCN 0.280 6950 51·3 3·96 ~.8? ~ ' 
(H2) 0.362 6690 51.3 4·94 4·47 
0.262 6550 51.3 4.56 4.05 
0.386 6610 51.3 4. 19 3·67 
0.492 6~.20 51 ·3 4·54 3·72 
0.362 6660 51 ·3 LJ. • 83 4·32 
(6.7) HCN+ + HCN 0. 6250 51.3 1. 17 0.967 8. 
(He) 0.229 ()500 51.3 1.08 0.958 a 
0.225 6400 51.3 1.39 1. 18 b 
0.232 6510 51.3 1.00 0.881 b 
0.235 6780 51.3 1.07 1.02 b 
(6.8) + C + HC~ 0.222 6250 51-3 3. 18 2.61 
(He) 0.229 ()500 51 ·3 
(6.9) + C2N + HCN 0.222 . 6250 51.3 0.409 0.336 
(He) 0.229 6500 51.3 0.322 o.2R5 
a .. HCN+ formed by rec.1c tion of co+ with f!CN 
b. HCN+ · formed by reaction of ne + and He(23S) with HCN 
145. 
Reaction Reactants p -v L Gradient k 
number (Carrier) 
(6 .. 10) He + + HClT 0.225 6400 51.3 4~91 3·97 
(He) 0.228 6420 51.3 4. 18 3·40 
o. 198 6470 51.3 5.02 Lr. 1 8 
(6.11) + CN + HCN 0.225 6400 51·3 2.94 
(Fe) 0.235 6780 51 ·3 2.72 2.58 
(6.12) CH+ + I-TC~~ 0.225 6400 51.3 1+. 35 ).50 
0.235 6780 51.3 3·07 2.92 
+ (6.17) IiCt·J + 1-T 
"12 0. 186 6360 51.3 0.972 0.770 
( ) 0.180 6570 51.3 1.06 0.895 
o. 175 6750 51.3 1. 10 0.984 
0.251 6130 51.3 o. 8t·4 0.636 
. 0. 286 6290 51.3 0.243 0.188 
APPENDIX II 146. 
COMPUTER PROGRA}J ION/RATES 
c ··························*············································ C PROGRAM TO CALCULATE IJP TO 10 RATE CONSTANTS Of ION MOLECU~E REACTIONS C AfTER LEAST SQUARES ANAlYStS Of RAW OATAoPROGRAM CORRECTS ACH VALUE C Of K fOR PARABOLIC VELOCITY PROfiLE wiTH SLIP fLOW ANO RAO AL 
C DiffUSION TO GIVE RATfl• RATE! IS THEN CORRECTED fOR AXlAL DiffUSION . 
C TO GIVE RATE2o AN EMPIRICAL END CDRREC110N lS A~SUMEO IN THE REACTION 
C LENGTH TERMo c ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• , •••• 
WRJTE(6,202) WR Tt(6,200) 
WRITE(6,203) TEMPPYMfP1,RLNGTH 
VIRITEC61200) 
WRITEC6,204)NREACT 
WRITEC61200) 
DO 800 IJ d l1NREACT 
c C READ IN TITLE Of REACTION (I) 
RfA0(5,300)(TlTLECI> 11•1170) 
C READ IN DATE Of REACTION 
READ(51300)(0ATECI),lat,70) 
c •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
C READ IN VARIABLES WHICH APPLY To EACH REACTION I PRESSUHE :IN REACTION 
C TUBE IN TORR (PRESS)} AMAIPDLAR OlffUSlON COEffiCIENT Of REACTANT 
C ION AT 298 K AND 1 TORR IN CH••2 PER SECOND CO[fCO)J AVERAGE LINEAR 
C VELOCITY Of CARRIER GAS IN CM PER SECO 0 CfLOwlJ AVERAGE fLOH RATE OF C NEUTRAL REACTANT IN PARTICLES PER SECOND (BfLOW)t 
C ALL DATA IN fREf. fORMAT 
RfADCS1/) PRESSIOIFCO,rLOWIBfLOH 
OIFCO•DifCO/PRESS ~ 
C READ IN NUMHER Of POINTS fOR NHICH LEAST SQUARES ANALYSIS TO BE DONE 
C IN kEACTIONCil IN fREE fORMAT ANO fiXED POINTe 
REA0(51/) NUPNT 
C READ IN CONSECUTIVE PAIRS Of VALUES Of NEUTRAL REACTANT FLOW IN 
~ ~tETA~~~si~E~R~Ec~~2~iY~LOw<I>> AND ION SIGNAL IN AMPS (SIGNAL(l))o 
RfAOCSI/)(RfLDWCil,SIGNL(l),lal,NUPNT) 
c 
DO i!O l"l1NUPNT ONSlGC l•ALOGCSIGNL<l)) 20 CONT lNUE · 
WRITE(6,205>CfllLECl),ta2,70) 
WRITEC6,201)' .. 
WR~T((6,205)(0ATECI>,I•2,70) WR T((6,206)PRf.SS 
WR T[(6,207>DIFCO 
NRITE(6,208)fLOW 
WRITE(6,209lBfLOW 
WRITE(6,211lNUPNT 
WRJTEC6,210) WR T£(61201) 
WRITE(6,30lCSIGNLC!),RrLOW(1)1!•1•NUPNT) 
C PERFORM LEAST SQUARES ANALYSIS OF OATAe 
C SLOPE • SLOPEJ CEPT a INTERCEPT} SfGMA a STANDARD OEVIATIDNJ COEF a 
C CORRELATION COEFFICIENT} SDESLP a STANDARD ERROR IN SLOPE) SDEINT a C STANDARD ERROR IN INTfRCEPTt 
CALL L[A5SQ CRfLOW,UNSIG1NUPNT,sLOPE1CEPTISlGMAICOEffiSD£SLPISOEIN 
•T> 
1 L~7. 
INPUT CHECK 
********************************************************************* 
TEMPERATURE 
MEAN fREEPATH 
REACTION LENGTH 
3oo.oo DEG K 
e94000E'"02CI4 
57.300 Cl4 
********************************************************************* 
NU~BER Of REACTIONS 1 
*****************************************•******************••······· 
H3+ + CLCN 
28t9e75tB 
REACTION TUBE PRESSURE o30800 TORR 
DiffUSION COEffiCIENT 1590•9 CMU2 PER SEC 
AVtLINEAR VELOCITY or CARRIER GAS CM PER SEC 
AV,fLOW Uf NEUTRAL REACTANT •50000Et17PART!CLES PER SEC 
NUMBER or POINTS fOR LEAST SQUARE ANALYSIS• 17 
ION SIGNAL CAMPS) REACTANT fLOW(PARTICLES PERSEC) 
~~---·······--·····-···--·······-···-········-········---~----········ 
•240£"06 o. 
e103E"06 el54E+17 
t168E'"07 e359£:+ 17 
•215£'"07 e415E+17 
a960E•07 •212£•17 
•165£ .. 07 6334£<~>17 
•360£"07 e281E<~>17 
e590E"06 •502£•17 
e820E"09 o723E+17 
ol00E"'09 e995£+17 
e410E•07 e264E+17 
a660E'"06 t442E+17 
e6JOE•09 e727E+17 
e 900E•l0 ·. e101E+18 
t180E•10 o117E+18 
t16SE•09 e699E+17 
e210E"07 tl42Et17 
1 49. 
SLOPE••e6371E•l6 1NTERC£PT••14e&4 
CORRELATION COEffs•e9956 STND DEVlATlON=Ot2673 
STND ERROR SLOPE• .2Q3lf.•17 STND ERROR 1NTERClPT~Oe1249 
SLIP fLOH fACTORCB)~ 1e02 SLlP fLOW fACTOR(GAMMA)• Oe636 
SLIP tLOW fACTORCDELTA)a 3e72 
AXIAL Dlff CORHf.CTION fACTOR= e288E•01 
********************************************************************* 
RATE2>~ •667[ .. 08 
********************************************************************* 
APPENDIX III 1 50. 
CIRCUIT DIAGRAMS 
val ta g e r e g u l a t a r 
rectangular wave genera tor 
oscillator 
IIIa. Control unit for P7D differential pressure 
transducer. 
1 51 • 
lh1' 
push-pull demodulator 
IOK 4 1t•l 
o-wv--tll--..-......-.ll 
~ 
JOI\ 47,..f 
signal amplifier 
transformer connections 
IIIa.(cont.) Control unit for the P7D differential 
pres sure trr:msducer. 
O.J 
IIIb. Emission control unit. 
1 52. 
lamp filament 
5V 9A 
